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Abstract
In this thesis, the dayside reconnection processes are studied by using computer 
simulations.
First, the global magnetic reconnection patterns at the dayside magnetopause are 
studied based on a two-dimensioned incompressible magnetohydrodynamic (MHD) code. 
It is found that multiple X line reconnection may prevail at the dayside magnetopause 
when the magnetic Reynolds number is large (>  200). The formation and subsequent 
poleward convection o f magnetic islands are observed in the simulation. The Alfven 
Mach number of the solar wind, M a *w , can also change the reconnection patterns. For 
a large Masw, reconnection tends to occur at the higher latitude region.
Secondly, the structure o f the dayside reconnection layer is studied by a two­
dimensional compressible MHD simulation. In a highly asymmetric configuration typ­
ical o f the dayside magnetopause, the pair o f  slow shocks bounding the reconnection 
layer in Petschek’s symmetric model is found to be replaced by an intermediate shock 
on the magnetosheath side and a weak slow shock on the magnetospheric side.
In addition, a mechanism for the enhancement o f B y, which is observed in the 
magnetopause current layer and magnetic flux tubes, is proposed.
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C h a p te r  1. In tro d u ctio n
A fundamental feature o f  magnetized plasmas is the exchange o f energy forms between 
the energy o f  magnetic fields and the energy o f particles. Historically, the concept that 
we now call magnetic reconnection originated from an attempt by Ronald G. Giovanelli 
[1946, 1948] to explain solar flares in terms o f such energy exchange. Giovanelli [1946] 
proposed that the optical emission associated with solar flare is from atoms that are 
excited by electrons accelerated in induced electric fields near neutral points (the point 
where the magnetic field is zero) during the evolution o f magnetic fields near sunspots. 
Hoyle [1949] and Dungey [1961] applied the concept o f magnetic reconnection to the 
earth’s magnetosphere. On the other hand, Giovanelli’s original idea was further de­
veloped and elaborated by a number o f authors [Sweet, 1958; Parker, 1957; Petschek, 
1964; Sonnerup, 1970; Yeh and Axford, 1970]. Their work provides the basis o f the 
present theories o f  magnetic reconnection.
The earlier models o f magnetic reconnection were all based on a magnetohydro- 
dynamic (M HD) description o f magnetized plasma. In order to understand the phe­
nomenon o f magnetic reconnection, it is useful to start with the magnetic induction 
equation in MHD theory. In a simple electrically conducting fluid, Ohm’s law has the 
form
j  =  <r(E +  v  x B ), (1.1)
where j  is the electrical current density, <r is the electrical conductivity, v  is the fluid 
velocity, E  is the electric field, and B is the magnetic field. Using Faraday’s and
1
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Ampere’s laws:
(1.2)
Mo j  =  V  X B , (1.3)
where /t0 is the magnetic permeability in free space, the curl o f  ( 1 .1) can be written as
where 77 =  l/ /z o o' is the magnetic diffusivity. Equation (1.4) is the magnetic induction 
equation in MHD theory. Equation (1.4) indicates that changes in the magnetic in­
duction vector B  axe caused by the convection o f the magnetic field with the plasma 
fluid (first term on the right-hand side o f (1.4)) and the diffusion o f the magnetic field 
(second term on the right-hand side o f  (1.4)). I f 77 — 0 in (1.4), the “ frozen-in” theorem 
o f MHD theory states that the flux o f the magnetic field through a loop moving with 
the fluid is conserved or the magnetic field fines are frozen to the fluid and move with 
the fluid. In such a case, reconnections between different magnetic field fines cannot 
happen as the occurrence o f  reconnection would break the frozen-in condition. Usually, 
if the characteristic speed V  and length scale L o f the configuration o f the fluid and 
magnetic field are such that the magnetic Reynolds number VL/77 is much greater than 
one, the magnetic field fines will diffuse slowly relative to the fluid and hence the frozen- 
in condition is approximately satisfied. In most regions o f  space plasma, the magnetic 
Reynolds number is very large and therefore the “frozen-in” theorem generally holds. 
However, local regions exist in the space plasma where the magnetic field has a large 
gradient. In these regions, the diffusion o f the magnetic field will become significant (or 
the second term on the right-hand side o f (1.4) becomes larger or comparable to the 
first term) and the frozen-in condition breaks down to allow magnetic reconnection to 
occur.
—  =  V x (v x B )  +  77V2B , (1.4)
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One particular configuration in which magnetic reconnection may occur is the 
current sheet (the interface o f two magnetized plasma regions with an antiparallel com­
ponent o f  magnetic field). In the earth’s magnetosphere, current sheets exist at the 
dayside magnetopause, which is formed as the solar wind presses the interplanetary 
magnetic field against the geomagnetic field, and in the magnetotail, resulting from the 
tangential stresses exerted by the solar wind on the magnetic field in the two tail lobes. 
Current sheets may also be found in the solar atmosphere, for example, between ap­
proaching magnetic dipoles in the photosphere [Priest and Raduu, 1975] and as a result 
o f the stretching o f magnetic loops on the sun during rapid plasma ejection [Carmichael, 
1964]. Figure 1.1 illustrates the magnetic reconnection process in a current sheet. The 
solid lines are magnetic field lines and the hollow large arrows represent the plasma 
flow. Figure 1.1a shows a current sheet configuration before magnetic reconnection at 
time t =  0 , where the four magnetic field fines nearest to the current sheet are labelled 
as field lines aa', bb', cc', and dd', respectively, for purpose o f illustration. Figure 1.16 
shows the magnetic field configuration and plasma flow having resulting from the re­
connection. Field lines aa' and cc' are cut in the diffusion region around reconnection 
point and reconnected to form two new field fines ac and a'c'. In the reconnection 
configuration, there are basically four regions which consist o f topologically different 
magnetic fields. Region 1 and Region 2 (up and down in Figure 1.16) consist o f un­
reconnected field fines and are referred to as the upstream regions or inflow regions. 
Region 3 and Region 4 (left and right in Figure 1.16) consist o f reconnected field fines 
and are referred to as the downstream regions or the outflow regions. The upstream 
regions and downstream regions are separated by the so-called separatrix (fines db' and 
bd' in Figure 1.16). Usually, the magnetic field strength downstream o f the separatrix 
is weaker than in the upstream region, while the plasma flow speed is higher in the 
downstream region than in the upstream region. Hence, in the process o f magnetic
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reconnection, part o f the energy stored in the upstream magnetic field is converted to 
the downstream plasma kinetic energy. Therefore, the significance o f the reconnection 
process is twofold: ( 1 ) to convert magnetic energy to plasma kinetic energy and (2 ) 
to provide coupling between the magnetic fields and plasmas on the two sides o f the 
current sheet.
Most reconnection models in the past are limited to a two-dimensional configu­
ration and a steady state. The earliest one proposed by Sweet [1958] and developed 
further by Parker [1957, 1963] neglected entirely the weak magnetic field on the down­
stream side o f the separatrix. Thus, in the Sweet-Parker model, the outflow o f plasma 
is essentially field-free and is accelerated by the pressure gradient in the outflow region. 
The process can be better described as magnetic field annihilation rather than recon­
nection, since the Sweet-Parker model describes basically a magnetic diffusion process 
(this is why the Sweet-Parker model is sometimes referred to as a diffusion model). In 
a steady state (a balance between diffusion and convection), the magnetic reconnection 
rate defined as the upstream Alfven Mach number, M ai =  Vi /Va i , where vi is the 
upstream inflow speed and VA\ is the upstream Alfven speed, can be shown to be
M ai =  Rm^2, (1-5)
The magnetic Reynolds number R,n in (1.5) is defined as
Rm =  (1.6)
V
where L is the scale length o f the reconnection configuration. Note that, since in 
most astronomical applications the magnetic Reynolds number is very large, the above 
relation leads to a very slow rate at which field lines approach each other and are
annihilated. The Sweet-Parker model was originally suggested to explain solar flares.
However, in the Sweet-Parker model, the rate at which the magnetically stored energy
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Figure 1.1 Illustration of magnetic reconnection process In a current sheet.
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can be converted into plasma kinetic energy is too slow to account for the rapid energy 
release in a solar flare. Based on the Sweet-Parker model, the estimated time for the 
release o f  the same amount o f  energy observed in a solar flare is a factor o f 100 to 1000 
too large for the observed solar flare time scale.
To achieve a higher reconnection rate, Petschek [1964] suggested a new magnetic 
reconnection model. Note that the configuration o f magnetic reconnection contains 
a magnetic field reversal region (the downstream region as shown in Figure 1.1). In 
the field reversal region, the magnitude o f the magnetic field decreases and the plasma 
kinetic or thermal energy increases. Hence, as mentioned before, the energy o f the mag­
netic field is converted into plasma thermal or flow energy. In the Sweet-Parker model, 
the reduction of magnetic field in the field reversal region is purely due to the diffusion 
o f the magnetic field into plasma in the presence o f  finite resistivity. The conversion of 
energy in the Sweet-Parker model is hence a result o f Ohmic heating. However, Petschek 
[1964] realized that the MHD slow shocks can also convert the magnetic energy to the 
plasma energy.
Shown in Figure 1.2 is a schematic sketch o f Petschek’s reconnection model. The 
magnetic field lines in Figure 1.2 are represented by light lines. In Petschek’s model, the 
Sweet-Park type diffusion region (the shaded area) is very small, and the energy con­
version process takes place mainly along two pairs o f slow shocks (heavy lines in Figure 
1.2). In Figure 1.2, the inflow regions are to the left and right and the outflow regions 
(boundary layer in Petschek’s original terminology) are above and below the diffusion 
region. The standing slow shocks contain concentrated electric currents. Hence, the 
slows shocks serve, first, to reduce the magnetic field in the downstream region and, 
second, to  accelerate plasma across the shocks in approximately the tangential direction 
o f  the shock by the j  X B force associated with them, hi the figure, the plasma flowing 
toward the outflow region from the upstream regions (left and right sides in the figure)
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is turned and accelerated by the slow shocks to flow out in the positive and negative 
y directions, respectively. In Petschek’s model, since the conversion o f magnetic en­
ergy into plasma kinetic and thermal energy is mainly through the acceleration and 
heating o f plasma by these slow shocks, the reconnection rate has a weak dependence 
on the resistivity or magnetic Reynolds number. The contribution from Sweet-Parker 
Ohmic heating in the diffusion region is negligible in the energy conversion process o f 
Petschek’s model. Based on his model, Petschek [1964] demonstrated that the energy 
required for a flare can be released in 102 sec. The time is short enough to account for 
the observed solar flare times.
Sonnerup [1970] and Yeh and Axford [1970] adopted Petschek’s idea to develop a 
different reconnection model. Vasyliunas [1975] pointed out that the major difference 
between the Petschek m odel and the Soimerup-Yeh-Axford model is in the inflow region: 
The flow pattern corresponds to a fast m ode expansion in Petschek’s model and a slow 
m ode expansion in Sonnerup-Yeh-Axford’s model. Based on analytical solutions, Priest 
and Forbes [1986] obtained a family o f steady-state reconnection types including the 
Sweet-Parker model, Petschek model, and Sonnerup-Yeh-Axford model. They found 
that the boundary conditions are important for the appearance o f different types of 
reconnection. Lee and Fu [1986a] demonstrated in their local numerical simulations 
that the plasma inflow speed, the scale size o f the simulation box, and the magnetic 
Reynolds number are the three most important parameters controlling the reconnection 
types. They found that different combination o f these three parameters can give rise 
to recoimections fitting the Sweet-Parker model, the Petschek model, or the Sonnerup- 
Yeh-Axford model. Note that all these three types o f  reconnection are steady-state 
models and are characterized by magnetic reconnection along a single line (the X line). 
Furthermore, Lee and Fu [1986a] made the important suggestion that another basic 
type o f magnetic reconnection exists: The time-dependent multiple X  line reconnection
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Figure 1.2 Configuration of slow MHD shocks and magnetic field lines in 
Petschek's magnetic reconnection model (Petschek, 1964).
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characterized by the formation and convection o f magnetic islands. Lee and Fu’s [1986a] 
simulation shows that when the magnetic Reynolds number is large, or the inflow speed 
o f the plasma is large, or the initial current sheet is long, multiple X-line recoimection 
tends to occur.
Along with the development o f the fundamental theories o f magnetic reconnection, 
the understanding o f magnetic reconnection in the earth’s magnetosphere has also seen 
progress. The concept o f magnetic reconnection was introduced to the Earth’s mag­
netosphere in 1961 by Dungey [1961]. Figure 1.3 shows the configuration o f  magnetic 
reconnection in Dungey’s [1961] open magnetosphere model. The solid lines in Figure
1.3 are magnetic field lines (geomagnetic field lines and interplanetary field lines). In 
Dungey’s model, magnetic reconnection can occur at the dayside magnetopause as well 
as in the magnetotail. In particular, at the dayside magnetopause, Dungey’s model pre­
dicts that the reconnection will occur at the subsolar point (the subsolar point can be 
roughly defined as the point on the dayside magnetopause which is closest to the sun) 
along a single X  line (reconnection fine perpendicular to the two-dimensional plane o f 
the figure). The reconnected geomagnetic field lines become open field lines and,after 
the reconnection, the magnetopause is no longer a closed one, i.e., not a tangential 
discontinuity separating the geomagnetic field from the solar-wind plasma and inter­
planetary field (IMF). The dayside reconnection in Dungey’s model is characterized 
by its large scale and quasi-steady state. Note that Dungey’s m odel is only a quali­
tative one. Since Dungey’s first open magnetosphere model, dayside reconnection has 
been considered as playing an important role in the transfer o f energy, momentum, and 
particles between the solar wind and the earth’s magnetosphere.
A more sophisticated dayside reconnection model was proposed by Levy et al. 
[1964]. They suggested that in the process o f dayside reconnection, the dayside mag­
netopause remains a well-defined current layer. However, this current layer now corre­
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sponds to a rotational discontinuity (RD ) with a nonvanishing normal magnetic field 
component Bn instead o f a tangential discontinuity (T D ). The dayside reconnection site 
in Levy et al.'s [1964] model is also assumed to be at the subsolar point as in Dungey’s 
model. The plasma passing through this current layer (R D ) is accelerated away from 
the subsolar point by the Lorentz or I  x  B n force, where I  is the magnetopause current. 
The accelerated plasma forms a boundary layer o f  jetting plasma immediately inside 
the magnetopause. Tailward o f the cusp regions, the magnetopause current I  is reversed 
and plasma is then decelerated. In this way, the mechanical energy is extracted from 
the solar wind and stored as magnetic energy in the geomagnetotail [e.g., Swift, 1980].
The two basic properties o f Levy et al.’s [1964] model are the existence o f the nor­
mal magnetic field B n and a high-speed plasma jet near the dayside magnetopause. 
A magnetic field component B n normal to the magnetopause has been observed [Son­
nerup, 1976] when the magnetosheath field opposes geomagnetic field, although not as 
a permanent feature. However, the predicted high speed plasma jet [Levy et al., 1964] 
was absent in most o f  the satellite observations such as HEOS 2 [e.g., Haerendel, 1977; 
Haerendel et al., 1978] even when the satellites have had the right position and latitude 
to observe them. On the other hand, Paschmann et al. [1979] and Sonnerup et al. 
[1981] have identified a few exceptional crossings in the subsolar region which show 
enhanced flow speeds in the magnetospheric boundary layer. These cases represent the 
most promising examples to date for the relatively direct observation o f  the expected sig­
natures o f  steady-state reconnection. However, the fact that the high-speed plasma jets 
are rare suggests that magnetopause reconnection may be more sporadic and localized 
than originally expected. This is also supported by the observation o f a plasma bound­
ary layer inside the dayside magnetopause [Eastman et al., 1976; Crooker, 1977]. The 
possibility o f  magnetic reconnection near the cusp and elsewhere on the magnetopause
10
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Figure t .3 Configuration of magnetic field lines in Dungey’s single X line open 
magnetosphere.
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Figure 1.4  Magnetopause reconnection proposed by Levy etal. [1964], The 
principal geometrical features of this model are: the separator (X); the mag­
netopause current layer in the form of a rotational discontinuity (RD); a thin 
high-velocity plasma boundary layer (BL) immediately inside the magnetopause 
and, at its innermost edge, a slow mode expansion fan (SEF, shown shaded). 
The inner and outer separatrix surfaces are marked by (IS) and (OS), the re­
connection electric field by E t, and the magnetopause current by I.
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surface have also been suggested [Haerendel, 1977]. In a laboratory experiment, Pod- 
gorny et al. [1978] claimed to have observed Dungey-type subsolar point reconnection 
for a small solar-wind Alfven Mach number and high- latitude cusp region reconnection 
for a large solar-wind Alfven Mach number (~  10). Heikkila [1975] even argued that 
dayside reconnection may not exist at all, because o f the failure to observe a steady-high 
speed plasma jetr.
The discovery o f flux transfer events (FTEs) [Russell and Elphic, 1978] by ISEE 
satellites at the dayside magnetopause stimulated some researchers to propose new 
dayside reconnection models. FTEs are characterized by bipolar pulses o f magnetic 
components normal to the dayside magnetopause surface. The duration o f  each event is 
typically 1 -2  minutes and the interval between successive events is usually 2-10 minutes. 
W hen the interplanetary magnetic field (IMF) has a southward component, FTEs are 
almost always observed. This correlation between the occurrence o f  FTEs and IMF 
orientation provides strong evidence that FTEs are closely associated with dayside 
reconnection. Therefore, nearly all the FTE models invoke magnetic reconnection. On 
the other hand, FTEs can also be used to test different dayside reconnection models.
Based on the properties o f  the observed FTEs, Russell and Elphic [1978] proposed 
a patchy reconnection model for the dayside magnetopause. They suggested that since 
the magnetosphere is undergoing patchy reconnection, we are seeing FTEs. As a result 
o f  the patchy reconnection, a pair o f elbow-shaped magnetic flux tubes connecting the 
IMF and the geomagnetic field are formed. The flux tube, along with ambient plasma, 
is then convected poleward. The cross-section of the flux tubes is about 1 RZE, R e 
being the earth radius. The patchy reconnection process is depicted schematically in 
Figure 1.5. Sonnerup [1987] pointed out the possibility o f magnetic flux being wrapped
13
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around the flux tube as it moves so as to generate core current. Kan [1988] suggested 
that the 3-D tearing may be the cause o f the intermittent and patchy reconnections.
Another dayside reconnection model was proposed by Lee and Fu [1985]. In Lee- 
Fu model, dayside reconnections occur presumably along several reconnection lines (X  
lines). For this reason, they have named their model the multiple X  line reconnection. 
Figure 1.6 shows the dayside magnetic reconnection configuration envisioned in the Lee- 
Fu model. Figure 1 .6 a is the 3-D perspective view and Figure 1.66 is the corresponding 
2-D projection. Three X  lines are plotted in Figure 1.6 for purpose o f illustration. 
The multiple X  line reconnection results in the formation o f magnetic islands at the 
dayside magnetopause (Figure 1.66). In the presence of a finite IMF B y component, 
these magnetic islands correspond to magnetic flux tubes (Figure 1.6a). The magnetic 
islands formed or magnetic flux tubes are later convected poleward away from the 
subsolar magnetopause region and new ones will then be formed. The cross section 
o f the magnetic flux tubes is on the order o f  1 R\. The formation and convection 
o f the magnetic flux tubes will then generate the observed signatures o f  FTEs [Fm 
and Lee, 1985; Lee, 1986, Ding et al., 1986; Shi et al., 1989]. The type o f dayside 
reconnection described in the Lee-Fu model is an impulsive and not a small- scale 
process characterized by repeated formation and convection o f magnetic islands as long 
as the magnetosheath field has a southward component. The primary cause o f the 
multiple-X line reconnection was thought to be the onset o f a tearing mode instability 
in the magnetopause current layer [Lee and Fu, 1986a].
More recently, a bursty single X-line reconnection model was put forth by South- 
wood et al. [1988] and Scholer [1988a] as shown in Figure 1.7 (Figure 1.7 shows only the 
2-D view). They argued that a sudden increase in the reconnection rate on the mag­
netopause gives rise to bulge-shaped regions o f  plasma containing a bended magnetic
14
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Figure 1.5 Russell and Elphic's patchy reconnection model. Magnetosheath 
field lines, slanted arrows, have connected with magnetospherlc field lines, 
vertical arrows, possibly off the lower edge of the figure. The connected flux 
tube moves in the direction of the large arrow (Russell and Elphic, 1978).
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Figure 1.6 Lee-Fu’s dayside multiple X-llne reconnection process (a) a per­
spective view of the open magnetic flux tubes and the regular open field lines 
as a result of multiple X-line reconnection at the dayside magnetopause, and
(b) the projection of flux tubes In the noon-midnight meridian plane {Lee and 
Fu, 1985).
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field. In the bulge-shaped region, plasma is accelerated to high speed. When recon­
nection has ceased, the bulge-shaped region threaded by the magnetic field and created 
by the earlier reconnection continues to move away from the reconnection site. This 
model, though also characterized by reconnection along a single X  line as in Dungey’s 
early model, describes a time-dependent process in which reconnection is assumed to 
be suddenly switched on and off. This reconnection model can also explain some o f the 
observed features o f  FTEs.
In the above-mentioned efforts, many aspects o f  the dayside reconnection remain 
unclear. The objective o f this thesis is to gain a better understanding o f the dayside 
reconnection and related phenomena through numerical simulations.
In Chapter 2 , the global pattern o f the dayside reconnection as studied by a two­
dimensional global simulation using magnetohydrodynamic (M HD) code is discussed. 
The dependences o f  the reconnection pattern on the magnetic Reynolds number, the 
solar-wind Alfven Mach number, and the current-dependent resistivity, were investi­
gated. The simulation results will be compared with observations and some theoretical 
dayside reconnection models. The magnetic and plasma signatures generated in one 
particular case (Lee-Fu type reconnection) will be used to interpret FTEs. In particu­
lar, Lee-Fu type multiple X-line reconnections will be discussed in detail in relation to 
the simulation results.
The internal structure o f the dayside reconnection layer is the subject o f Chapter 
3 , which presents reconnection layer structure under different symmetry conditions as 
simulated by two-dimensioned compressible MHD simulations. First, reconnection in a 
symmetric configuration was simulated to confirm the classical Petschek model. Sec­
ond, several cases with asymmetric configurations typical o f the dayside magnetopause 
were simulated to determine the reconnection layer structure at the dayside magneto-
17
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Figure 1.7 Magnetic field configuration In dayside single X-llne bursty recon­
nection (Scholer, 1988c).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
pause. The effect o f asymmetry in magnetic field and plasma on the reconnection layer 
structure was examined. In addition, the effect of plasma /3 on the strength of the 
MHD shocks associated with the reconnection layer was studied, where /? is the ratio 
o f plasma to magnetic pressures.
Chapter 4 proposes a mechanism to explain the observed core magnetic field en­
hancement associated with magnetic flux tubes in flux transfer events. Again, a two- 
dimensioneil compressible MHD simulation was carried out to support the proposed 
mechanism. The results were also applied to the magnetotail to explain similar obser­
vations.
Chapter 5 contains the summary o f the thesis.
19
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Chapter 2. Global M H D  Simulations of M agnetic Reconnections at 
the Dayside Magnetopause
2.1 Introduction
As mentioned in Chapter 1, with the discovery o f FTEs, the emphasis o f theoretical 
dayside reconnection models has shifted from large-scale steady-state ones to small-scale 
sporadic or impulsive ones. The same trend is seen in computer simulations. In a series 
o f computer simulations [Fu and Lee, 1985; Lee and Fu, 1986a] o f  driven reconnection 
based on a slab model, impulsive reconnection processes resulted from multiple X-line 
reconnection and the transition criteria from steady-state to impulsive reconnections 
were investigated. Scholer [1988a] simulated the bursty reconnection processes based 
on single X-line reconnection. Formations o f magnetic islands in other local simulations 
are also sometimes observed. [Bim  and Hones, 1981; Biskamp, 1982; Leboeuf et al., 
1982; Forbes and Priest, 1983; Matthaeus and Lamkin, 1985; and Scholer and Roth, 
1987].
Spacecraft have a limited capability o f obtaining a global-scale picture o f  the day­
side reconnection. Global MHD simulations have become, therefore, increasingly im­
portant. Global MHD simulations o f solar wind-magnetosphere interaction have been 
done by a number o f workers [e.g., Lyon et al., 1981; Wu et al., 1981; Ogino et al., 
1986]. However, the low resolution at the dayside magnetopause in these simulations 
has made it difficult to study processes o f a characteristic scale ~  1 R e , such as FTEs
20
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or other small-scale reconnection processes. In a recent semi-global MHD simulation, 
Sato [1986] reported one simulation case in which field-twisted flux tubes were observed 
at the dayside magnetopause. In Ogino et al.'s [1989] global simulation, twisted mag­
netic flux tubes are also observed at the dayside magnetopause. The observed flux 
tubes in these global simulations may represent only one particular class o f the dayside 
reconnection because o f the limited number o f simulation cases. In view o f this, a sys­
tematic and high-resolution global MHD simulation is needed to solve the mystery o f 
the dayside reconnection.
This chapter presents a global two-dimensional incompressible MHD simulation 
which aims: ( 1) to demonstrate various possible dayside reconnection patterns, e.g., 
steady-state single X-line reconnection, multiple X-line reconnection, and single X-line 
bursty reconnection; (2 ) to establish quantitative correlations between reconnection 
patterns and the physical parameters such as the local dayside magnetopause resistivity 
and the solar wind Alfven Mach number; (3) to study the plasma flow patterns at the 
dayside magnetopause associated with the dayside reconnections; and (4) to interpret 
some o f the observed features o f flux transfer events (FTEs) in terms o f the simulation 
results.
The chapter is organized in the following way. Section 2 presents the simulation 
model and numerical procedures. Different dayside reconnection patterns observed in 
the present simulations are shown and discussed in section 3. Section 4 compares the 
observed flux transfer event with two particular types o f  dayside reconnections repro­
duced in the simulation: Lee-Fu’s multiple X-line reconnection model and the bursty 
single X-line reconnection model. In section 5, Lee-Fu’s multiple X-line reconnection 
model is further discussed. Section 6 concludes this chapter by summarizing the major 
results o f the work presented here and discussing the limitations and applicability o f 
the simulation results.
21
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2.2 Simulation M odel and Numerical Scheme
2.2.1 Simulation model and governing equations
The global simulation presented in this chapter is two-dimensional in the x-z  plane 
o f the Geocentric Solar Magnetosphere (GSM) coordinate system. Figure 2.1 illustrates 
the simulation model. A  two-dimensional magnetic dipole is used to represent the ge­
omagnetic dipole field. Initially, the dipole field is confined by the solar wind coming 
from the sun and entering continuously from the left boundary o f the simulation box. 
The rectangular box is the simulation domain. At the start o f the simulation, a south­
ward interplanetary magnetic field (IMF) is introduced from the left boundary and is 
carried by solar wind towards the geomagnetic dipole. After reaching the dayside mag­
netopause, the IMF will reconnect with the geomagnetic field. The simulation uses a 
magnetohydrodynamic (M HD) approach. The plasma fluid is further assumed to be 
incompressible for simplicity. It needs to be pointed out that the present study is at­
tempted as a first step towards the ultimate solution o f the solar wind-magnetosphere 
interaction problem. A discussion o f the applicability and validity o f the present study 
can be found in section 2 .6 .
Under the incompressibility assumption, the MHD equations governing the behav­
ior o f  magnetic fields and plasmas can be reduced to a compact form [e.g., Lee and Fu, 
1986a]:
where A is the y component of the magnetic vector potential defined as B  =  V  X (Ay) -f 
B yy, n  is the vorticity related to the plasma velocity by fiy =  V X v  =  V 2<j>y, <p is
=  - v  • V A  +  t7V 2A
ot
(2 .1)
(2 .2 )
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Figure 2.1. A schematic sketch of the simulation model. The rectangular box 
is the simulation domain, where R e is the earth radius. The z-axis is pointing 
to the sun and 2-axis is in the northward direction. The southward interplanetary 
magnetic field (IMF) is carried by solar wind entering from the left boundary of 
the simulation box towards the geomagnetic dipole and reconnects with the 
geomagnetic dipole field upon its arrival at the dayside magnetopause.
-37 R b
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the stream function, J  =  - V 2A is the current density and ij is the resistivity. For 
simplicity, we let B y =  0 in this simulation.
In (2.1), (2.2), and the simulation results presented hereinafter, the normalization 
units for each physical quantity are displayed in Table 2.1.
24
TABLE 2.1 Normalization Units o f  the Simulation
physical quantity normalization unit
magnetic field Bo
velocity Vao =  Bo/y/pop
length R e
current density Jo =  B o/poR e
resistivity y o =  PoR e Vao
time tA =  R e /Vao
electric field Eo =  VAo Bo
In Table 2.1, Bo is the initial magnetic field strength at the subsolar point, R e  is 
the earth radius, p is the plasma density assumed to be a constant everywhere, /x0 is 
the magnetic permeability in free space. V^o is the corresponding Alfven speed at the 
subsolar point and tA is usually referred to as Alfven transit time (based on R e  and 
VUo)- Based on observations, values o f some normalization units are given as follows: 
Bo ~  30 nT, Vao ~  200 km /s, and tA ~  30 sec.
2.2.2 Simulation domain and boundary conditions
The global simulation distinguishes itself from the local simulation in that the nonphys­
ical effects o f numerical boundaries are minimized, provided that the global simulation 
domain is large enough compared to the spatial extent o f regions under study. In the
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present study, the simulation domain was chosen as a rectangular box in the x-z  plane 
(see Figure 2.1) extending from -2 1  to 21 R e  in the z direction (north direction) and 
from -3 7  R e  to 21 R e in the x direction (sunward direction). The later simulation 
results show that the size o f the chosen simulation domain is appropriate for the day­
side reconnection. Since only cases with purely southward solar wind interplanetary 
magnetic fields were studied, the simulation was conducted only in the upper half plane 
(z  > 0 ) because o f  the symmetry (or anti-symmetry) o f  the model with respect to the 
z-axis.
While a larger simulation domain is desirable, it is equally important to maintain 
a reasonable spatial resolution or to construct the grid mesh as fine as possible. An 
efficient mean to meet both requirements is by the use o f  nonuniform grid mesh. In this 
simulation, we wished to  study such small scale events as flux transfer events (FTEs) 
with characteristic scale o f about 1 R e - For this reason, a nonuniform grid mesh was 
used which provided a resolution o f 0.075 R e  near the dayside magnetopause in a region 
from 5R e to 12 R e  in the x  direction and from 0 to 12R e  in the z direction. For the 
whole upper half simulation domain, 200 x  200 grid points were employed. Figure 2.2 
shows the grid mesh used in the simulation. Note since the magnetotail is not to be 
studied in this simulation, the grid size in the x direction (A * )  increases in the tailward 
direction in the region x  <  5R e - It will be seen later in the simulation results that 
the poor resolution in the x <  0 region results in spurious magnetic field patterns. 
However, these pseudo patterns do not affect the reconnection process at the dayside 
magnetopause.
The simulation boundaries were specified as follows.
( 1) Left boundary (r  =  21 Re ): the solar wind inflow speed is maintained at vKW, 
or equivalently, the stream function <j>(x =  21Re , z) =  - v „ Mz. A  southward IMF is 
introduced at time t > 0 by imposing on the left boundary a magnetic vector potential
25
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Figure 2.2 The nonurtlform grid mesh used in the simulation for the upper 
half (z  >  0) of the simulation domain. 200 X 200 grid points are employed. 
The smallest grid sizes A *  and A z are 0.075R e and are used in the region 
from 5Re  to 12Re  In the x  direction and 0 to 12R e  In the z  direction.
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A(a: =  2 lR .E ,z ,t )  =  - v KWB tmt, where B„w is the IMF magnitude. Note that this 
boundary condition on A ensures that the leading field line (the first field fine) o f IMF 
has A  =  0. Reconnection between IMF and geomagnetic field lines can occur, since 
the outermost geomagnetic field line has initially A — 0 (at r =  10R e  or see (2 .3 ') in 
subsection 2.2.3). Vorticity Cl at x — 21 R e  is kept at its initial value, which is zero.
(2) At the central boundary (z — 0), either a symmetric or an anti-symmetric 
condition is used: A (x, z) — A ( x ,—z), (j>{x,z) =  — <j>(x,— z).
(3) At right (a; =  -3 7  R e )  and upper (z — 21 RE) boundaries, second derivatives 
o f  each physical quantity with respect to normal direction are set to zero such that 
plasmas, along with the magnetic field, can flow out freely. In an effort to minimize the 
spurious boundary effects, the right boundary is placed farther away from the magnetic 
dipole than the upper boundary is.
(4) To bypass the difficulty o f coupling between ionosphere and magnetosphere, 
each physical quantity is fixed to its initial value within a region o f radius o f 2.5 R e 
around the earth (at x =  z  =  0). The physical quantities surrounding this region are 
smoothed such that they match the values in the exterior region smoothly.
2.2.3 Initial configuration
In setting up the initial configuration, an analytical equilibrium configuration o f a two­
dimensional magnetic dipole embedded in an incompressible flow field [Kulikovskiy and 
Lyubimov, 1965] was used. In this equilibrium, the geomagnetic field, produced by a 
magnetic dipole placed at x =  0 and z — 0 pointing in the negative z direction (south­
ward), is confined by the solar wind flow (the incompressible flow) within a cylinder o f
27
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radius 10 R e - The magnetic field B  and flow velocity v  can be expressed as
I B =  0 . 5 H „ v { z ( l  +  ^ J  j ,  
i B =  0,
r <  a) 
r >  a.I:
( v  =  j ,  r >  a;
v  =  0 , r <  a.
(2.3)
(2.4)
where r2 =  x 2 +  z2, a =  10 R e , B» is the magnitude o f the magnetic field at the subsolar 
point {x  — a and z — 0), and vsw is the flow speed at infinity. Furthermore, equilibrium 
requires that B% =  4fiopvlw. The corresponding initial configurations expressed in 
magnetic vector potential and stream function are
f A (x , z ) — 0.5B0i  ^1 — ^5^ , 
( A (x ,z )  — 0,
r <  a; 
r >  a.
(2.3')
(2.4')( <j>(x,z) = - v swzyL  -  ^  j  , r >  a;
(p(x, z) =  0 , r <  a.
Figure 2.3 shows the initial configurations o f magnetic field (geomagnetic dipole field) 
and solar wind stream lines (without IM F) as given by (2 .3 ')-(2 .4 ') in the simulation 
box.
The mode] magnetosphere constructed above is, o f course, not an exact represen­
tation o f the real magnetosphere o f the earth. However, since the primary interests 
o f the present study are the magnetic reconnection processes occurring at the dayside 
magnetopause only, the model can be considered as a reasonable initial configuration.
2.2-4 Resistivity Model
The configuration o f magnetic reconnection consists o f  two regions: the diffusion re­
gion and the external convection region. In the presence o f  a finite resistivity, the 
reconnection o f magnetic field lines can occur in the diffusion region. In the earth’s
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NJ
(a )
Figure 2.3 Initial configurations of the magnetic field and solar wind flow, (a) 
Contour of magnetic vector A  representing magnetic field lines, (b) Solar wind 
stream lines.
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magnetosphere and in interplanetary space, the collisional resistive effects in the diffu­
sion region are negligible. Strictly speakmg, the reconnection processes in the earth’s 
magnetosphere should be treated by akinetic theory or by particle simulations. In order 
to apply the simulation result based on MHD equations to the earth’s magnetosphere, 
the so-called “ anomalous” resistivity in the diffusion region o f the reconnection configu­
ration must be properly determined. An anomalous resistivity may arise either from the 
particle inertia [Speiser, 1970; Vasyliunas, 1975; Sonnerup, 1979] or from wave-particle 
interactions in the presence o f plasma turbulence [Coroniti and Eviatar, 1977; Huba et 
al., 1978; Lee, 1982]. The presence of plasma turbulence in the diffusion region may be 
caused by plasma instabilities that occur in the magnetic neutral sheet.
To account for the anomalous resistivity, we assume a resistivity of the form
where a  is a constant, J is the total current density, Jc is the critical current density 
for the enhancement o f the local anomalous resistivity, and %  is a constant background 
resistivity. Note that the term a ( J — Jc)2 represents the current-dependent anomalous 
resistivity, resulting, for example, from the current-driven instabilities or particle inertia. 
In the present simulation, the current-dependent anomalous resistivity will be signifi­
cant only at the magnetopause current sheet. Similar forms o f the current-dependent 
anomalous resistivity have been adopted by other authors in simulating magnetic re­
connections using MHD code [Sato and Hayashi, 1979; Ugai, 1984]. These authors 
fomid that the most critical parameter in the current-dependent anomalous resistivity 
is the threshold current density Jc while the functional form (with the function variable 
( J — Jc))  is not so important.
Corresponding to the constant backgromid resistivity rjb, the magnetic Reynolds 
number is defined as Rm — fioREVAo/Vb, which is based on a scale length o f 1 R e - The
(2.5)
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scale length chosen in Rm is o f  the order o f magnitude o f the possible reconnection layer 
thickness in the magnetopause normal direction. One may also choose the scale length 
to be equal to the scale length o f the magnetopause, which is about 10 R e - Also note 
that this Rm is based on 7/f, instead o f the total resistivity rj(J). A  magnetic Reynolds 
number based on the total resistivity t](J) will vary with both time and location due to 
the current-dependent anomalous resistivity term and is not an appropriate parameter 
to use in the simulation.
2.2.5 Differencing scheme and numerical procedure
The finite differencing approximations o f the governing MHD equations inevitably intro­
duce numerical truncation errors. In the simulating magnetic reconnection processes in 
space plasma, the effects o f the numerical truncation errors should be properly treated 
since the actual resistivity in space plasmas is remarkably small. In magnetic induc­
tion equation ( 2 .1 ), the second term on the right-hand side represents the magnetic 
field diffusion, which is a critical process in magnetic reconnection. For a very small 
resistivity T), this term will be small. It is essential that the truncation errors resulting 
from differencing approximations o f  other terms in (2 .1) and (2 .2 ) be smaller than the 
magnitude o f this term, since one o f the major purposes o f this simulation study is 
to investigate the effect o f resistivity or magnetic Reynolds number on the dayside re­
connection. To reduce the numerical truncation errors, a liigh-order finite differencing 
scheme is desirable for the present study.
Bearing this in mind, we developed the following differencing scheme for (2.1) and
(2 .2 ):
(a) A  two-step method is used to time-center the time derivatives. This gives a 
second-order accuracy in time step At (i.e., the truncation errors ~  0 (A t 2)).
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(b) For the advective terms v  • V A  and v  • V fi, a differencing scheme accurate to 
the third order in spatial grid size Aa: or A z is used. For purposes o f illustration, we 
write down below the differencing scheme for advective terms in the one-dimensional 
case
A ( M ) r tRr +  ( i - A ) ( £ ) r - ' idR 
Ml£)rtar + (i-A)(f£)srj“#
if Vi >  0 ;
, if  Vi < 0 .
(2.6)
where v is the convection speed, A =  2 /3 , and
- [ f i - i  ~ ft<£k-  = ka« - j» ^ E
=  K / . - i  -  ~  ( * - ’  -
- /< )
JC j-1 — Xi  
St+2 -
■ ( / w - Z i pC?X tT  " ■' E f+ 2 -
In the case o f  uniform grid mesh, (2.6) will be reduced to
<•&- (2 .6')
For (2.6'), it can be readily shown that when A =  2 /3 , the truncation error of the 
differencing scheme in (2.6 ') for advective terms is o f the order o f A x 3.
(c) For the last terms on the right side o f  (2.1) and (2.2), the usual second-order 
center-differencing is used.
The subsequent simulation shows that the scheme is stable without the need to use 
any artificial diffusion terms. In addition, the third-order accuracy differencing scheme 
for the advective terms makes it possible to simulate reconnection processes with very 
small resistivity. As a matter o f  fact, several test cases show that the effect o f numerical 
truncation errors is significant only when the magnetic Reynolds number Rm is larger 
than ~  4000.
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While the accuracy o f the differencing scheme is vital in this study, the efficiency 
o f the simulation code is also important, hi particular, for the incompressible MHD 
simulation, a fast Poisson equation solver can save a large amount o f computing time. 
For each time step in the simulation, the Poisson equation
V 2tf> =  a  (2.7)
needs to be solved to obtain the stream function <j> from vorticity Q. In this simulation, 
due to the nonuniformity o f the grid mesh and the unusual boundary conditions of 
<f> (zero second-order derivative) on two o f the four boundaries, it is complicated to 
implement a 2-D Poisson solver using direct methods. The usual boundary conditions in 
direct methods are either Dirichlet conditions (<j) =  0) or Neumann conditions (d<p/dn =  
0). Instead, we use the cyclic reduction method (a direct method) in the z direction 
and an iterative method in the x direction to solve (2.7) first in the z direction and 
then in the x direction. This Poisson solver proves to be at least twice as fast as the 
one using an iterative method in both directions.
2 .3. Patterns of the Dayside Magnetic Reconnection
Since the first open magnetosphere model [Dungey, 1961] was presented, the occur­
rence o f magnetic reconnection at the dayside magnetopause is now widely accepted. 
However, the patterns, or topologies, o f the dayside reconnections remain to be resolved. 
Experimentally, the satellite observations are sometimes consistent with the large-scale 
classical steady (or quasi-steady) single X-line reconnection and at other tunes im­
ply the existence o f localized sporadic reconnection. Theoretically, many reconnection 
models have been proposed, emphasizing different aspects or possibilities o f the dayside 
reconnection: ( 1) liigh-latitude (cusp region) reconnection versus low-latitude (subsolar
33
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region) reconnection; (2) large-scale single X-line reconnection (SXR) versus small scale 
multiple X-line reconnection (M X R ); (3) steady-state (most likely quasi-steady state) 
reconnection versus sporadic and impulsive reconnection. The dayside reconnection 
patterns depend on: (a) macroscopically, the solar wind conditions and (b ) microscopi­
cally, the various plasma instabilities in the magnetopause current sheet. One objective 
o f  this study is to gain insight into such dependence.
This section presents a parameter study conducted o f the dayside reconnection 
patterns. The parameters used were chosen to be the magnetic Reynolds number Rrn, 
the critical current Jc, and solar wind Alfven Mach number M Aaw =  vSw/VA„v,, where 
VAaw =  Baw/\/f*uP is the solar wind Alfven speed. It was found that the dayside 
reconnections exhibit various patterns depending on the three parameters Rm, M A,w 
and Jn. For the cases presented below, the common parameters used are: a  =  0.025 
and v„w =  0.5V,io
Seven simulation cases are presented in this section. Table 2.2 lists the parameters 
used for each case and the reconnection type obtained (note that in Table 2.1, M XR 
denotes multiple X-line reconnection and SXR single X-line reconnection).
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TABLE 2.2 Simulation Cases and Parameters Used
35
cases B sw m Asw Rm Jr.
Case 1 (SXR) 0.25 2 40 oo
Case 2 (M X R ) 0.25 2 400 oo
Case 3 (M X R ) 0.25 2 4000 oo
Case 4 (M X R ) 1 0.25 2 800 10
Case 5 (M X R ) 0.125 4 800 10
Case 6 (M X R ) 2 0.0625 6 800 10
Case 7 (S X R )3 0.25 2 4000 *
* see section 2.4
1 Lee-Fu type M XR.
2 High latitude M XR.
3 Bursty SXR.
2.3.1 Effect o f  magnetic Reynolds number R,n
To investigate the effect o f magnetic Reynolds number Rm, three cases (Case 1 to Case 
3) were simulated with different Rm (see Table 2.2). For this purpose, the current- 
dependent anomalous resistivity term in (2.5) is switched off by setting Jc — oo, since a 
resistivity that varies with both  time and location will complicate the study. Therefore, 
Cases 1 to 3 are for the dayside reconnection with a constant resistivity. In Cases 1 
to 3, the ratio o f the IMF field strength B aw to the initial geomagnetic field strength 
Bo at the subsolar point is 1:4 or B sw =  0.25Bo- The corresponding solar wind Alfven 
Mach number is then M  a *w =  2 . Therefore, Cases 1 to 3 are cases with a small solar 
wind Alfven Mach number.
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Case 1: Rrn =  40
In Case 1, a large constant resistivity rjb =  0.025, or equivalently a small Rrn — 40, is 
used. At t >  0, the southward IMF with a strength B „w — 0.25f?0 is introduced at the 
left boundary o f the simulation box (z =  21 R e ) and is carried by the inflow solar wind 
plasma towards the dayside magnetopause, which is located at x =  10 R e  (the speed 
o f the solar wind at the incoming boundary at z =  21 R e is vsw =  0.5F.ao).
Approximately 5f^ after the first field line o f the IMF reaches the subsolar point 
(z  =  10 R e  and z =  0 ), magnetic reconnection is observed to occur at the subsolar 
point. Figure 2.4 shows the contours o f constant magnetic vector potential A (magnetic 
field lines) at t =  3 5 ^  and t =  46t^ in the whole simulation box. Figures 2.5a and 
6 show the corresponding enlarged snapshots o f magnetic field lines and velocity fields 
near the dayside magnetopause. To maintain a good graphical resolution at the dayside 
magnetopause, hereinafter we plot only field lines with -1 0  < A  <  10 unless otherwise 
noted (note that both the first, field line o f the IMF and the outermost field line o f the 
initial geomagnetic field have A =  0). In Figure 2.56 and hereinafter, the direction of 
the arrow is that o f the plasma velocity and the length o f the arrow is proportional to 
the magnitude o f the plasma velocity.
It is seen in Figure 2.4 that by t =  35i^ several o f the geomagnetic field lines 
have been reconnected with IMF lines, forming some open geomagnetic field lines. One 
end o f these newly formed open field lines is rooted in the earth and the other end, 
which extends deep into the solar wind, is carried by the solar wind flow tailward. 
This tailward movement o f the open field fines drags the whole field fine tailward, 
transferring magnetic flux from the dayside magnetosphere (z  >  0 ) to the night side 
magnetosphere (z  < 0). By t =  46t^, an appreciable amount o f open magnetic flux has 
been transferred to the niglitside magnetosphere, with open magnetic field lines being
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t — 35 t A
t =  m A
Figure 2.4 Contours of constant magnetic vector potential A  (magnetic field 
lines) of Case 1 at t =  35 tA (upper panel) and t =  46 tA (lower panel). A 
single X-llne at the subsolar point Is observed.
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t =  35^
X2Re  5Re
X
( a )
Figure 2.5 (a) Enlarged snapshots of magne 
magnetopause for Case 1 at t — 35 t A and t
38
t =  46 t A
12 R e 5 R e
X
c field configuration near the
-  46f .4
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t =  4 6 ^
12i?B 5 R e
X
(b )
Figure 2.5 (b) Enlarged snapshots of flow patterns for Case 1 at t =  3 5 ^  
and t =  461.4. The direction of the arrow is the direction of the velocity vector 
and the length of the arrow is proportional to the magnitude of the plasma 
velocity.
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draped over the nightside geomagnetic field lines. As a result, the dayside magnetopause 
is eroded inward by the subsolar-point reconnection. A comparison o f magnetic field 
configurations at t =  35t A and t = 46tA in Figure 2.4 shows that the size o f the 
dayside half o f the geomagnetic cavity is considerably smaller at t =  46t^ than at 
t =  35tA- Correspondingly, the subsolar point is measured to move from x ~  8.5 RE 
at t =  35tA to x ~  8 R e  at t =  46f^- The average speed o f  the earthward movement 
o f the magnetopause due to reconnection is therefore ~  0.05RE/tA ~  Q.IRE/min. The 
erosion o f the magnetopause has been observed [e.g., Maezavia, 1974].
Also, as predicted for the dayside single X-line reconnection process by Levy et al. 
[1964], two high-speed plasma jets in the reconnection layers are observed in Case 1. 
The plasma jets can be easily identified in Figure 2.56. The plasma speed in the plasma 
jet increases with latitude. At high latitude 6 >  45", the jet plasma speed becomes 
comparable to the local Alfven velocity.
To study the magnetic reconnection rate at the subsolar point, we show in Figure 
2.6 E sp versus time t, where E sp is the y component o f electric field at the subsolar 
point at time t in the frame o f the moving subsolar point. In the simulation, E ,p is 
calculated by
0  =  ~dA/,p(t)/dt, (2.8)
where A „p(t) is the value o f  magnetic vector potential A  at the subsolar point at time 
t. Therefore, E„p{t) represents the time derivative o f the magnetic vector potential A  
at the subsolar point, or the rate o f magnetic reconnection at subsolar point. Although 
the position o f the subsolar point is changing with time (moving earthward), A flp(<) can 
be readily determined by noting that the A  value at the subsolar point is always the 
maximum for the x > 0 region due to the specific initial magnetic field configuration 
(see (2 .3 ')) used and the boundary condition on A  at x =  21 Re - In the simulation,
40
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the maximum value o f A (x  >  0, z =  0, t) (i.e., along the central symmetric line z =  0 
for the dayside part x  >  0) is recorded as a function o f time t and then used as the 
magnetic vector potential value A„p(t) at the sub solar point.
In Figure 2.6, it is seen that E rp increases monotonically with time from zero at 
t =  0 to ~  0.08 at t — 40tA and maintains approximately the same value from t =  40 
to t =  46t,i. Hence, the reconnection during the time interval t =  0 -4 0 ^  is a transient 
process. After t =  40tA, the reconnection process may be considered as being in a 
local quasi-steady state near the reconnection site. Theoretically, a 2-D steady-state 
reconnection process can be defined by a constant electric field perpendicular to the 
2-D plane everywhere [e.g., Vasyliunas, 1975]. Hence, one convenient way to determine 
whether a 2-D reconnection process is in a steady state is to check the electric field 
distribution. Figure 2.7a shows the contours o f the electric field y component Ey near 
the magnetopause at t =  35tA and t — 46tA and Figure 2.76 is the corresponding 3-D 
plot o f Ey distribution. E y is calculated by Ohm’s Law
E y =  — (v  x B )y +  rjJy, (2.9)
where Jy is the y  component o f  the current density. It is seen in Figure 2.7 that Ey 
is almost constant outside and inside the magnetopause reconnection layer in Case 
1. Throughout the region outside the magnetopause reconnection layer E y ~  0.125, 
which is the value o f  electric field imposed at the incoming boundary o f the IMF where 
E y — B„ wv =  0.125. In the region outside the magnetopause reconnection layer, 
since the current density is negligible (see Figure 2.9 below), a nearly constant Ey 
distribution suggests that the IMF flux transport towards the magnetopause in Case 1 
has reached a quasi-steady state by t =  35tA. Across the magnetopause reconnection 
layer, Ey drops considerably, implying that the penetration o f Ey from the solar wind 
into the magnetosphere is very small.
41
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t/ tA
Figure 2.6 Magnetic reconnection rate at the subsolar point as a function of 
time for Case 1 (Rm =  40). E„p is the y-component of the electric field at 
the subsolar point and E0 is the normalization unit of the electric field. E sp 
here Is defined as the magnetic reconnection rate at the subsolar point.
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Figure 2.7 Electric field Ev (j/-component) distributions at f =  351 a and t =  
464.4 near the dayside magnetopause in Case 1 (only the northern hemisphere 
half is plotted), (a) Contour lines of Ev; (b) 3-D profile of Ey.
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Therefore, in the 2-D case, a steady state o f the single X-line reconnection at 
the dayside magnetopause cannot be reached in the usual sense over a global scale 
(for example, 10 R e ), since a large drop in Ey value is expected across the magne­
topause. However, in case o f  a constant reconnection rate, a local steady-state subsolar 
reconnection should exist in the frame o f the moving magnetopause. In Case 1, the re­
connection rate at the subsolar point is approximately a constant for t > 40f^ as shown 
in Figure 2.6. By using the above estimated earthward moving speed o f  the subsolar 
magnetopause, we transform E y to E'y in the frame o f the moving magnetopause at the 
subsolar point
E 'y =  - [ ( v  -  v m) X B ]y +  Tjjy, (2 .10)
where v m is defined as the moving speed o f the magnetopause at the subsolar point. 
Figure 2.8 shows the electric fields Ey and E'y across the magnetopause along the 2 =  0 
line for t =  461^. In calculating E'y by (2.10), we use v m =  —0.05x estimated (see 
above) as the average moving speed o f the subsolar magnetopause for t >  35t^. Figure 
2.8 shows that, in the rest frame, Ey drops sharply across the magnetopause at x ~  8.5 
R e  from E y ~  0.125 at x =  12 R e  down to Ey ~  0.02 at a: = 5  R e - However, in 
the frame moving at v T„, the variation o f E'y is much reduced (E'y ~  0.1 at z =  12 
R e  and E'y ~  0.13 at x — 5 R e )- hi particular, near the magnetopause at z ~  8.5 
R e , the sharp jump o f Ey is now replaced by a smooth transition of E'y. Hence the 
reconnection around t =  46t^ can be considered as a quasi-steady process in the region 
near the subsolar point. Likewise, in other situations where the reconnection sites are 
moving, a steady state o f the reconnection process can only be defined in the moving 
frame.
Figure 2.9a shows contours o f  the current density Jy (y-component) at t — 35f^ 
and 46f a around the magnetopause and Figure 2.9b shows the corresponding 3-D plots
44
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t =  46*a , 0 =  0°
r/ R E
Figure 2.8 Profile of electric field E y and E'y across the magnetopause at 
latitude 6 =  0° and t =  46 t a 1or Case 1 . Ey is the electric field in the rest 
frame and E y Is the electric field in the frame moving with the magnetopause 
at the subsolar point.
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o f the Jy distribution. It is seen that the current density peaks at the subsolar point 
and gradually decreases with increasing latitude. At t =  46t^, the current sheet begins 
to bifurcate at high latitude, while at t =  3 5 the bifurcation o f the current sheet is 
still small. In the traditional single X- line reconnection model [e.g., Petschek, 1964], 
a pair o f slow mode shocks is supposed to be present, bounding the reconnection layer 
or magnetic field reversal region. Corresponding to this pair o f slow shocks, a pair of 
current sheets is formed, across which plasmas are accelerated by the resultant Lorentz 
force. For t =  4 6 in Case 1, the region where the current sheet bifurcates may 
be considered as corresponding to the pair o f slow shocks in the compressible MHD 
situation. Note that the current density o f the two branches o f  the bifurcated current 
sheets at t =  4 6 is weak compared to that at the subsolar point. The low current 
density indicates that the corresponding discontinuities (slow shocks in the compressible 
case), if they exist, are weak. This may be due to the large magnetic diffusion caused 
by the small magnetic Reynolds number Rm =  40. Another single X-line reconnection 
m odel proposed particularly for the dayside reconnection is that by Levy et al. [1964]. 
Levy et al.’s model is an asymmetric one in which only one MHD discontinuity, a 
rotational discontinuity, is needed to accomplish the magnetic field reversal. However, 
our simulation data (not presented here) at the dayside magnetopause do not fit the 
Walen relation [Walen, 1944], which Papamastorakis et al. [1989] used as a test of 
dayside rotational discontinuity. Tins indicates that the reconnection layer in Case 
1 is unlikely to consist o f the type o f rotational discontinuity proposed in Levy et 
al.’s model. This contradiction may be due to the incompressible simplification in the 
present simulation. A  more realistic dayside magnetopause reconnection simulation 
should include the density asymmetry; in the present incompressible simulation, the 
density has been assumed constant everywhere.
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Figure 2.9 Distribution of the current near the dayside magnetopause at t =  
3 5 t^  and t =  46 tA in Case 1 (northern hemisphere half), (a) Contour of 
current density Jy; (b) 3-D profile of Jy.
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Case 2 and Case 3: Rm =  400 and 4000
In Case 2, the magnetic Reynolds number is increased to Rm =  400, an order o f 
magnitude larger than in Case 1. All other parameters are the same as in Case 1. 
Instead o f the subsolar reconnection as in Case 1, a long magnetopause current sheet 
is formed in Case 2. Magnetic reconnections are later observed to occur at two sites 
located to the north and south o f  the subsolar point. As a result, a magnetic island is 
formed centered at the subsolar point.
Figure 2.10a shows the magnetic field configuration o f  Case 2 at t =  241^, in which a 
long current sheet is found to exist. Figure 2.106 is the corresponding enlarged snapshot 
near the dayside magnetopause. Note that in Figures 2.10 to 2.12, only the upper part 
o f the simulation region is plotted and the lower part is a symmetric (or antisymmetric) 
reflection o f the upper part. The long current sheet in Figure 2.10 is measured to 
have a thickness o f  ~  0.6 R e  at the subsolar point. By t =  36<a, as shown in Figure 
2.11a, reconnection occurs in the northern hemisphere part o f the magnetopause at a 
latitude o f ~  30°. By symmetry, reconnection also occurs in the southern hemisphere 
magnetopause current layer at the same latitude. As a result, a magnetic island is 
formed around the subsolar point. Above and below the reconnection sites in the 
northern and southern hemisphere, respectively, the reconnected geomagnetic field lines 
becom e open field lines and are pulled tailward. Figures 2.116 and c are the enlarged 
snapshot o f magnetic field and velocity field near the magnetopause. In Figure 2.11c, a 
high-velocity jet o f  plasma can be seen to be associated with the reconnection layer to 
the north o f the reconnection site in the northern hemisphere. In this layer, the plasmas 
are accelerated by the northward tension force o f the open geomagnetic field lines. 
Therefore, as in Dungey’s subsolar point single X-line reconnection model, multiple
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X-line reconnections o f the type in Case 2 can also produce a high-velocity plasma jet, 
except that the jet is likely to be fomid only in the high-latitude region.
In Case 3, we further increase the magnetic Reynolds number to Rrn =  4000. Again 
magnetic reconnections are observed to occur above and below the subsolar point. A 
magnetic island is formed around the subsolar point. Figure 2.12a shows the magnetic 
field configuration at t =  3 6 for Case 3. Figure 2.126 shows the enlarged snapshot 
near the magnetopause. The magnetic field configuration near the magnetopause in 
Case 3 is similar to that in Case 2, except that the magnetic island in Case 3 is larger 
than in Case 2 at the same simulation time (t =  364a)•
The larger size o f  the magnetic island in Case 3 is probably caused by the smaller 
magnetic diffusion in the presence o f a smaller resistivity (ry, =  0.0025). Although there 
is no magnetic field line reconnection at the center o f magnetic island, annihilation o f 
magnetic field lines can take place through the magnetic diffusion process. To determine 
quantitatively the effect o f  the diffusion process at the center o f the magnetic islands 
formed in Case 2 and Case 3, we inspected the variation o f the magnetic vector potential 
A  at the center o f  these magnetic islands. Let us define A c(t)  and E r(t) =  —dA,:(t)/dt 
as the magnetic vector potential and the y  component o f electric field at the center o f 
magnetic islands, respectively. Then, as in Case 1, A c(t) will be equal to the maximum 
o f A (x  >  0, z =  0, t). From the simulation data, the average value o f E,.(t), Ec , is 
calculated (the average is made during the period o f  the time after the formation o f 
the magnetic island). It is found that E v{ t ) ~  0.02 in Case 2 and E,.{t) ~  0.003 
in Case 3. For comparison, at the boundary x — 21 Re , the IMF flux input rate 
\dA/dt\ =  vswB kw — 0.125. Hence, the field annihilation rate in the magnetic island 
is about 16% of the IMF flux input rate in Case 2, while this percentage is only about 
2.4% in Case 3. It is, therefore, suggested tentatively that the larger size o f the magnetic
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Figure 2.10 Magnetic field configuration (northern hemisphere half) at t =  
24 tA in Case 2 (Rm =  400). (a) Global picture; (b) Enlarged snapshot near 
the magnetopause.
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Figure 2.11 Magnetic field configuration and plasma flow pattern (northern 
hemisphere) at t =  361 a >n Case 2. (a) The global magnetic field configu­
ration; (b) Enlarged snapshot of magnetic field configuration near the magne­
topause; (c) Plasma flow patterns near the magnetopause.
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Figure 2.12 Magnetic field configurations (northern hemisphere) at t — 36t a 
in Case 3 (Rm =  4000). (a) Global picture; (b) Enlarged snapshot near the 
dayside magnetopause.
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island in Case 3 is due to the smaller magnetic diffusion in the magnetic island o f Case 
3.
In the present north-south symmetric situation, the magnetic islands in Case 2 and 
Case 3 will split later at the subsolar point, resulting in two small islands which then 
move away from the subsolar point region in the northward and southward directions, 
respectively. This island splitting process at the stagnation flow point is common in 
local simulations o f multiple X-line reconnections [e.g, Lee and Fu, 1986a]. Later in this 
chapter, the island splitting process will be shown in Case 7.
The role o f magnetic Reynolds number and the formation o f magnetic islands
Cases 1 to 3 indicate that the magnetic Reynolds number Rm is a physical parameter 
which may be able to control the general patterns o f  the dayside magnetic reconnec­
tions, namely, whether the traditional single X-line reconnection or the multiple X-line 
reconnections [e.g., Lee and Fu, 1986a]. Here the multiple X-line reconnections (M XR) 
is used as a general term to refer to any reconnection processes with more than one 
reconnection site. From the simulation cases, it could be concluded, at least in the 
2-D geometry, that the larger the magnetic Reynolds number is at the dayside magne­
topause, the more likely the dayside magnetic reconnection will occur at several sites, 
forming magnetic islands along the magnetopause. This is qualitatively consistent with 
the simulation results o f Lee and Fu [1986a], Using MHD simulations, Lee and Fu 
[1986a] have studied criteria for the transition of reconnection patterns from the single 
X-line to the multiple X-line reconnection in a 2-D slab model o f a current sheet with 
imposed inflow boundary conditions. Empirically, Lee and Fu discovered that multiple
53
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X-line reconnections tend to occur in a current sheet which satisfies
1/6 >  10, (2.11)
where I and and 6 are the half-length and half-thickness o f the current sheet, respec­
tively. They found that, in addition to the boundary inflow speed and simulation box 
size, the magnetic Reynolds number is an important physical parameter which is respon­
sible for the scale o f the current sheet. Specifically, they obtain the following empirical 
relationship (under a constant inflow speed and fixed simulation box size)
Equations (2.11) and (2.12) together suggest that as the magnetic Reynolds number 
Rm in a current sheet increases, the reconnection pattern is likely to make a transition 
from the single X-line type to the multiple X-line type.
In Case 1 the magnetic reconnection occurs immediately after the leading IMF field 
lines reach the subsolar point. No current sheet is seen to be formed at the beginning o f 
the reconnection, although later (see Figures 2.4 and 2.5) the initial reconnection site 
(X  point) is stretched into a short current sheet, the 1/6 ratio o f which is much less than 
10 (1/5 ~  4 at t =  3 5 and 1/6 ~  2.5 at t =  461^). Consistent with criterion (2.11), the 
current sheet resulting from the single X-line recomiection in Case 1 is stable throughout 
the simulation. In fact, as noted above, the reconnection reaches a quasi-steady state 
after t ~  4 0 ^ . However, in Cases 2 and 3 with a larger magnetic Reynolds number 
Rm, long current sheets are formed before the onset o f reconnections. In Case 2 at 
t — 2 At a (Figure 9), the ratio 1/5 ~  20 while in Case 3 this ratio (before reconnections) 
is even larger (not shown). As predicted by criterion (2.11), magnetic islands axe later 
observed to be formed in Cases 2 and 3.
1/6 ex R lJ 4. (2 .12)
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The formation o f magnetic islands in a current sheet is sometimes referred to as 
chaotic behavior [e.g., Forbes and Priest, 1987] o f magnetic reconnections in contrast 
to the steady state single X-line reconnections. The occurrence o f this chaotic behavior 
in a current sheet is also observed in local simulations by others [Biskamp, 1982; Forbes 
and Priest, 1983; Mathaeus and Lamkin, 1985; Scholer and Roth, 1987]. It is generally 
held that such chaotic behavior is due to tearing-like instabilities in the current sheet. 
However, in most reconnection situations, there are plasma flows in the current sheet 
or diffusion region. Therefore, in addition to the ordinary tearing-mode instability 
criterion [Furth et al., 1963], it has been suggested [e.g., Sonnerup and Sakai, 1981; 
Sakai, 1983] that the onset o f the tearing-like instability also requires that the e-folding 
time for the tearing instability must be shorter than the convection time during which 
plasmas are convected out o f the diffusion region. Based on these two conditions for the 
formation o f magnetic islands in a current with plasma flow, Lee and Fu [1986a] derived 
a criterion for the tearing-like instability. The criterion they obtained was found to be 
in good agreement with the empirical one (i.e., (2.11)). This suggests that a tearing-like 
instability in a current sheet is a possible mechanism for the impulsive reconnections 
that can lead to the formation o f  magnetic islands. Simulation results in this chapter 
seem to support this school o f  argument. In Cases 2 and 3, a large magnetic Reynolds 
number (R m >  400) leads to the formation o f long current sheets. By criterion (2.11), 
this long current sheet is susceptible to tearing-like instability. The onset o f tearing-like 
instability in turn will trigger the impulsive reconnections, resulting in the formation 
o f magnetic islands. On the other hand, if the formation o f the magnetic islands in 
Cases 2 and 3 was due to the tearing instability, the island scales in the north-south 
direction would be close to the wavelength o f the unstable tearing mode. According to 
the linear theory o f tearing instability, the wavelength A o f the unstable mode is given 
by 27t5/A ~  0.5 [e.g., Furth et al., 1963]. In Cases 2 and 3, the half-thickness of the
55
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magnetopause current sheet before reconnections is 6 ~  0.3f?.£ (see Figure 2.10 for Case 
2; the current sheet o f Case 3 is not shown). Hence, in Cases 2 and 3, the wavelength o f 
the unstable tearing mode is given as A ~  5R e - From Figures 2.11 and 2.12, it is seen 
that the obtained wavelength A is approximately the length o f the magnetic islands in 
the north-south direction.
While a tearing-like instability seems to be a plausible candidate responsible for the 
magnetic island formation, other possibilities should not be overlooked. For example, 
given the presence o f a long dayside magnetopause current sheet, the non-uniformity o f 
the solar wind pressure and the stresses o f the IMF exerted on the magnetopause surface 
may cause local fluctuations in the current sheets and, consequently, reconnections may 
also be triggered at several points without the need to invoke the tearing-like instability. 
In Cases 2 and 3, the pre-reconnection conditions o f  the magnetopause current sheet 
have been examined carefully. It was found that immediately before the reconnection, 
the current sheets in both  cases are pinched heavily at two mid-latitude symmetric 
points in the northern and southern hemispheres, respectively, which later become the 
reconnection sites. Figure 2.13 shows the time variation o f  the magnetopause current 
sheet in Case 3 before the occurrence o f magnetic reconnections. In Figure 2.13, Jmp 
is the current density o f the magnetopause current layer and is plotted as a function o f 
the latitude 6. Only the northern part o f the magnetopause current sheet is plotted. 
It is seen in Figure 2.13 that at t — 1 9 f t h e  maximum o f J,np occurs at the subsolar 
point (0 =  0” ). At t — 25t^, the Jrnp distribution profile changes little except for an 
overall increase in the magnitude o f  Jrnp along the current sheet. However, by t =  31t_4, 
the J„ip distribution profile is drastically changed with the maximum o f Jmp shifted to 
0 ~  30°. The large peak o f J,np at t — 31<^ shows the location where the pinch o f the 
magnetopause current sheet by the solar wind and IMF is the largest. Later, magnetic 
reconnection is found to occur in the northern hemisphere at approximately the same
56
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location corresponding to the maximum Jmp at t =  3 1 ^ . By symmetry, the southern 
hemisphere current sheet evolves in the same way. In Case 2, the time variation of 
the magnetopause current sheet is similar. Two other cases were run with the same 
parameters as that in Case 3 except the IMF magnitude was reduced by a factor of 1/2 
and 1/4, respectively. In these two cases, the similar local current sheet pinch at higher 
latitude is found. These cases show that the subsequent reconnection sites are near the 
points in the magnetopause current sheet where the pinch is the largest. However, it is 
still unclear whether this pinch is related to the unstable tearing mode or is caused by 
the solar wind pressure and IMF stresses.
Whether the multiple X-line reconnections or the formation o f  magnetic islands at 
the dayside magnetopause are caused by the tearing-like instability or other effects, the 
formation o f magnetic islands in our simulation (Cases 2 and 3) is directly related to 
the formation o f a long current sheet, which is related to the large magnetic Reynolds 
number R,n. Observationally, the dayside magnetopause is very long. This is also very 
likely a consequence o f the small resistivity in space plasma. Therefore, as is suggested 
by our simulation and the above-cited works, the dayside magnetopause reconnections 
may favor the impulsive reconnection processes such as multiple X-line reconnections. 
On the other hand, though steady-state single X-line reconnection is unlikely, at the 
dayside magnetopause which has a long current sheet, impulsive single X-line recon­
nections [Southwood et al., 1988; Scholer, 1988a] may also be possible. In section 4, a 
simulation case o f the impulsive single X-line reconnections will be shown.
2.3.2 Effect o f  current-dependent resistivity: Case 4
As discussed in subsection 2.2.4, at the dayside magnetopause, the classical resistivity 
derived from plasma collisional effects is negligible. Therefore, the assumption of the
57
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Figure 2.13 Profile of the current density in the dayside magnetopause current 
layer in Case 3 at three different times 4 =  194,4. 254,4, and 314a- 7mp is 
the current density in the magnetopause and 6 is the latitude.
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existence o f an anomalous resistivity is essential in studying the dayside magnetic re­
connections by MHD theory. Since it is still impossible to obtain a general expression 
for anomalous resistivity in the diffusion region, many MHD simulations o f  magnetic 
reconnections simply assume a constant resistivity (independent o f  time and space). 
A  more sophisticated resistivity model used widely in MHD simulations is a current- 
dependent resistivity which, in most cases, is a function o f both time and space. In 
subsection 2.3.1, the dayside reconnection processes with a constant resistivity have 
been studied by setting Jc =  oo in equation (2.5). There are basically only two types 
o f  dayside reconnection patterns observed in the simulations with a constant resistivity 
(Cases 1 to 3): (1) the subsolar point single X-line reconnection for a small magnetic 
Reynolds number (R fn =  40), and (2) the two X-line reconnection which forms one 
magnetic island centered at the subsolar point when the magnetic Reynolds number 
is large (R m >  400). In reality, the anomalous resistivity, if any, in the long and thin 
dayside magnetopause may vary with both time and space. In the presence of such 
an anomalous resistivity, magnetic reconnections may exhibit diverse patterns at the 
dayside magnetopause because o f its sensitivity to resistivity, as presented below.
This subsection will study the effect o f  time-and-space dependent resistivity on the 
dayside reconnection patterns by introducing the current-dependent resistivity term in 
(2.5). The constant background resistivity 77b in this subsection is set small, T)b <  0.00125 
or Rm >  800. The critical current density in (2.5) is set to Jc =  10Jo- This value o f Jc is 
so chosen that a long and relatively uniform magnetopause current sheet can be formed 
before the onset o f magnetic reconnections at any point. As the dayside magnetopause 
is usually observed to be long and thin, it is expected that magnetic reconnections 
occurring in a pre-existing long magnetopause current sheet would constitute the ma­
jority o f  dayside reconnections. W ith Jc — 10 and T)b =  0.00125, Case 4 will show 
how a magnetopause, which is a tangential discontinuity, can be disrupted by magnetic
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reconnections triggered by current-dependent resistivity. All parameters, except rji, and 
Jc , in Case 4 are the same as in Cases 1 to 3.
Figure 2.14 shows the global picture o f magnetic fields at different simulation times. 
At t =  26tA, a long current sheet is formed along the magnetopause as in Cases 2 and 3 
due to the small i]f,. Meanwhile, the interplanetary magnetic fields are piled up in front 
o f the magnetopause. Since no reconnections occur at this time, the magnetic fields on 
both sides o f the magnetopause have a tangential component only. As will be shown in 
Figure 2.16, plasmas flows at the magnetopause also have only a tangential component. 
Hence, the magnetopause is considered to be a tangential discontinuity. However, since 
the average current density along the magnetopause at t =  26tA is approximately the 
value o f Jc (=  10Jo), the magnetopause boundary is now at the critical point o f being 
disrupted by the onset o f magnetic reconnections. As time goes on, more interplanetary 
magnetic fields carried by the solar wind pile up in front o f the magnetopause. The 
pile-up further enhances the magnetopause current density. At t — 29tA, magnetic 
reconnections are observed to occur along three X  lines, one o f which is exactly at the 
subsolar point with the other two located at latitude 9 ~  ±10°. Correspondingly, two 
small magnetic bubble-shaped structures appear on each side o f the subsolar point. 
The high-latitude portions o f the magnetopause boundary above and below 9 ~  ±10° 
remain approximately tangential discontinuities but the magnetopause is no longer a 
closed one. By t =  31 iA, the original pair o f magnetic bubbles have grown into a pair o f 
large-sized magnetic islands, while another pair o f magnetic islands have formed above 
and below the old pair. In the process o f formation and growth o f magnetic islands, the 
center o f the magnetic islands keeps moving poleward. By t =  36tA, the two pairs o f 
magnetic islands have been convected a distance away from the subsolar point region. 
The reconnection site at the subsolar point is now stretched and starts to form a new 
current sheet. In the whole process, while the subsolar point reconnection site is fixed,
60
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the other reconnection sites are moving poleward along with the magnetic islands. A 
comparison with the previous cases having constant small background resistivity (Cases 
2 and 3) indicates that the time-and-space dependent anomalous resistivity can change 
dayside reconnection patterns significantly.
Figure 2.15 shows the corresponding enlarged snapshots o f the magnetic configura­
tion near the magnetopause. A  close look at the magnetic island configurations shows 
that each magnetic island is wrapped by open field fines (geomagnetic field fines con­
nected to the interplanetary magnetic field fines). This is especially clear at t =  3 1 ^  
and t — 36fa- The poleward tension force produced by these open field lines may 
contribute to the total polewaxd forces exerted on the magnetic islands and may be 
responsible for the poleward motion o f magnetic islands. Also note that the mag­
netic islands compress the part o f closed geomagnetic field lines close to the magne­
topause, generating magnetic ripples on the closed geomagnetic field lines. Along with 
the poleward-moving magnetic islands, these magnetic ripples also propagate poleward. 
Hence, Lee et al. [1988] have proposed that dayside magnetic reconnections may be one 
o f the energy sources o f  ultra-low frequency waves observed in the high-latitude cusp 
region (for more discussion, see section 2.5). Figure 2.16 shows the flow patterns o f Case 
4 near the dayside magnetopause. One interesting feature o f the flow patterns is the 
enhanced plasma flow speed associated with each moving magnetic island: the magnetic 
islands are moving poleward at a faster speed than the ambient plasmas. This property 
o f  plasma flows resulting from the dayside reconnection will be further discussed later 
in relation to flux transfer events (FTEs).
Figure 2.17 shows the distribution o f the current density Jy near the magnetopause 
at different times (only the northern hemisphere part is plotted), wltile Figure 2.18 
shows the corresponding 3-D plots o f the current density. At t =  26tA, the current 
sheet is long and the current density is approximately constant along the whole current
61
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t =  26 tA
t = 29 %A
(b) ,
Figure 2.14 Global evolution of the magnetic configuration In Case 4 (a) at 
t =  26tA . (b) at t =  29 tA.
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t =  31iA
t  =  36^^
(d)
Figure 2.14 Global evolution of the magnetic configuration In Case 4 (c) at 
t =  3 ita . (d) at t =  36iA-
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Figure 2.15 Enlarged snapshots of magnetic configurations at four different 
times near the magnetopause in Case 4.
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Figure 2.16 Plasma flow patterns near the magnetopause at four different 
times in Case 4.
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sheet. In response to the onset o f reconnections at t — 29tA, the current sheet changes 
accordingly. At t =  31t_4, the magnetic islands have already grown to larger sizes and 
changes in the current sheet structure can be clearly seen. The previous thin current 
sheet is now dilated where magnetic islands have formed, and layered structures of 
current sheet begin to appear inside magnetic islands. The originally one-layer current 
sheet now bifurcates into two layers to encircle each island. The bifurcation o f the 
current sheet is especially clear at f =  3 6 ^ . Furthermore, it will be demonstrated later 
in this subsection, plasmas across the two current layers bounding the equatorward 
portion o f the low-latitude magnetic islands are accelerated to a high speed. These two 
current layers resemble those from the classical Petscliek type single X-line reconnection, 
in which a pair o f  slow shocks (corresponding to a pair of current layers) are attached 
to the diffusion region. Petschek [1964] argued that in a reconnection process most 
plasmas are accelerated by slow shocks. The enhanced plasma flow speed associated 
with magnetic islands may also be caused by the same acceleration mechanism.
Figure 2.19 shows the electric field Ey distributions near the magnetopause at dif­
ferent times. Ey here is calculated by (2.9). Figure 2.20 is the corresponding 3-D plot of 
Figure 2.19. Before the reconnection at t =  26£a, Ey drops uniformly across the mag­
netopause boundary similar to Case 1. This relatively uniform profile o f Ey is changed 
tremendously by the formation o f the magnetic islands. It is seen from Figure 2.20 and 
Figure 2.19 that associated with each magnetic island, E y in the equatorward portion 
o f the island is increased while E y in the poleward portion is reduced. Correspondingly, 
in Figure 2.20, a bump is seen in the equatorward portion o f the magnetic island and a 
dip appears in the poleward portion o f the magnetic island with two deeper dips located 
on the two sides. This feature o f Ey associated with magnetic islands is common to 
all magnetic islands. As will be shown below, the E y value in the poleward portion o f 
these magnetic islands is negative (dusk to dawn) wliile the E y value in the equatorward
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Figure 2.17 Contour of current density Jy near the magnetopause (northern 
hemisphere) at four different simulation times in Case 4.
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Figure 2.18 The corresponding 3-D profiles of current density Jy In Rgure 
2.17.
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portion is positive (dawn to dusk). This bipolar feature o f Ey is consistent with the 
poleward motion of the magnetic islands. In the magnetic island, the resistivity is small 
(see Figure 2.23 and discussion therein). Therefore, the magnitude o f Ey is associated 
with the first term on the right-hand side o f equation (2.9) (i.e., Ey in the island 
consists of, roughly, the convection electric field only). In Figure 2.16, the enhanced 
plasma flows in magnetic islands are seen to be approximately along the tangential 
direction o f the unperturbed magnetopause boundary. Hence, a bipolar structure o f 
the magnetic normal components associated with a magnetic island would naturally 
suggest a bipolar structure for the induced electric field. Note that in the dayside single 
X-line reconnection as observed in Case 1, Ey throughout the whole reconnection region 
is o f  the same sign as that o f the IMF, i.e., dawn to dusk.
In the following, the fine structures o f magnetic islands formed along the magne­
topause will be studied. To save time, the lower magnetic island formed at t =  36<a 
in the northern hemisphere is selected as an example. Figure 2.21 maps the diagnostic 
lines (solid lines) onto a background o f magnetic field configuration (dashed line con­
tour) at t =  36t^. Four diagnostic lines (labelled in Figure 2.21 as lines aa', bb', cc', 
and dd') are in the radial direction across the magnetopause extending from r =  7R e 
to r =  H jRe and with latitudes o f 9 =  10°, 20°, 30°, and 40n, respectively. Diagnostic 
line ee' is in the polar direction from 8 =  10°-50° at r =  9R e - One o f the widely 
used methods to present the experimental magnetic field and plasma velocity data near 
the magnetopause is to decompose vectors into the so-called boundary normal coor­
dinates [Sonnerup and Cahill, 1967; Russell and Elphic, 1978] in which one axis is in 
the normal direction o f the magnetopause surface and the other two axes he in a plane 
perpendicular to the normal direction o f the magnetopause surface. The three axes hi 
the boundary normal coordinate system then form a local Cartesian coordinate system. 
In the magnetopause boundary normal coordinates, the magnetopause normal direction
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Figure 2.19 Contour of electric field E y near the dayslde magnetopause 
(northern hemisphere) at four different times in Case 4.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2.20 Corresponding 3-D profile of Ey distribution in Figure 2.19.
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is found by the so-called minimum variance method [Sonnerup and Cahill, 1967]. The 
presentation o f simulation data along the diagnostic lines shown above will not use the 
boundary normal coordinate system. Instead, the vector quantities in the simulation 
plane are decomposed into the radial component and azimuthal component. Recall 
that the initial magnetopause boundary o f this simulation is on a circle with r =  1022b - 
Hence, as a good approximation in this simulation, the radial direction is used as the 
magnetopause normal direction and the azimuthal direction as the tangential direction. 
In this coordinate system, the positive radial direction is designated as pointing away 
from the earth and the positive azimuthal direction point from low latitude to high 
latitude. The simulation data presented below and later in this chapter indicate that 
this simple procedure gives a good approximation for the present simulation. Figures 
2.22a to 2.22e present Jv, B , v , and Ey measured along the five diagnostic hues in 
Figure 2.21: lines aa', bb', cc', dd',and ee', respectively. In Figures 2.22a to 2.22d, the 
reconnection layer is bounded by two straight dashed fines. The term reconnection 
layer is used here to designate the region consisting o f reconnected magnetic field lines 
only.
Figure 2.22a shows the simulation data along fine aa' which passes through the 
equatorward end o f the magnetic islands. Corresponding to the active reconnection 
site at the subsolar point, a northward high-speed plasma jet is seen (the narrow peak 
o f vg) at r  ~  8.5R e  where the magnetic field reverses its sign. The peak o f vg at 
r ~  8.512b reaches about ~  1.5Vko- Note that on each side o f the reconnection layer, 
or the magnetic field reversal region, |5| ~  1.5 (measured at r ~  8.112b and 8.722b)- 
Hence, the peak value o f vg is about the local Alfven speed (based on a constant p) 
immediately upstream o f the reconnection layer. The normal flow profile shows that 
the plasmas converge towards the magnetopause: vr >  0 on the magnetosphere side 
and vr <  0 on the magnetoslieath side. Consistent with the converging flow, the electric
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t =  36f ,4
Figure 2.21 Map of the five diagnostic lines (heavy solid lines) aa', 66', cc \ 
dd!, and ee' drawn against a background of magnetic field lines (dashed lines) 
of Case 4 at t  =  364^.
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field Ey is positive on both sides. However, the speed o f  normal flow is much smaller 
than that o f  the plasma jet. The local Alfven Mach number immediately upstream 
of the reconnection layer is ~  0.15 on the magnetosheath side and ~  0.08 on the 
magnetosphere side (calculated at r ~  8.1i?£ and 8.7R e - respectively). Hence, we see 
that in an island-forming reconnection, plasma can also be accelerated locally to very 
high speed (in this case to the local upstream Alfven speed) as predicted theoretically 
for the steady-state single X-line reconnection.
Figure 2.226 shows the simulation data at a higher latitude (9 =  20") along line 
66'. It can be clearly seen that the current sheet has bifurcated. The two new current 
layers are now located at r ~  8.25-R.e and 9R e- Crossing these two current sheets from 
outside the reconnection layer, both magnetic field strength |B| and the tangential com­
ponent Bo inside the reconnection layer are reduced sharply from the outside values. In 
addition, the reversal o f Bg occurs at a point between the two current sheets. Therefore, 
the two MHD discontinuities associated with the two current sheets are likely to corre­
spond to the slow shocks. Also the sudden enhancement o f vg immediately downstream 
o f the current sheets seems to indicate that plasmas are accelerated by the MHD shocks 
associated with the two current sheets. Furthermore, the plasma jet in the reconnection 
layer maintains approximately the same value as at 9 =  10" (see Figure 2.22a) but is 
wider in the radial direction. The flows outside the reconnection layer are still small 
and directed toward the reconnection layer. Ey remains positive outside and inside the 
reconnection layer.
Figure 2.22c presents the simulation data along diagnostic line cc' which crosses 
the magnetic island near its center at d — 30". The magnetic Bg component reverses 
its sign gradually through the whole island region and no large discontinuity structures 
are seen. B r is small (negative) but nonzero. The |5| profile shows a large pile-up
74
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? =  10", t =  36tA
t/Re
v/Re
( a )
Figure 2.22 (a) Simulation data along diagnostic line aa' at 9 =  10° across 
the magnetic islands formed at t =  3 6 ^  In Case 4. J,r Br, Be, \B\, vr, 
ve, and Ey are current density, radial component of magnetic field (positive in 
the anti-earthward direction), azimuthal component of magnetic field (positive in 
the poleward direction), strength of magnetic field, radial component of velocity, 
azimuthal component of velocity, and electric field, respectively.
I
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(9 =  20 °, t =  36 tA
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e =  20 °, t =  36tA
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Figure 2.22 (b) Simulation data along diagnostic line bb' at 6 =  20°.
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B =  30°, t =  m A
(c)
Figure 2.22 (c) Simulation data along diagnostic line cc' at 6 =  30°.
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Figure 2.22 (e) Simulation data along diagnostic line ee' at r =  9Re -
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of magnetosliealh magnetic fields with a strength comparable to that on the magne- 
tosplieric side. The two current layers seen in Figure 2.226 can still be identified at 
r ~  9.7R e  and 7.9R e but the current density is reduced by ~30%. A region o f high 
current density appears near the island center. Similar to Figure 2.226, vg increases 
sharply downstream of the magnetic island boundary layers (at r ~  9.7R E and 7.9RE). 
Also note that the vg profile shows a weak three-layer structure within the island region 
with vs peaking at r ~  9.5-Re, 8.7Re , and 8.1-Re. A  large reverse (southward) flow is 
seen just outside the magnetic island on the magnetospheric side (also present in Figure 
2.226). A  comparison with Figure 2.16 shows that this reverse flow corresponds to the 
vortex flow centered near the magnetospheric side of the magnetic island. Outside the 
magnetic island, the induced electric field Ey approaches zero. Inside the magnetic 
island, Ey remains large and positive.
Diagnostic line dd! crosses the magnetic island at its poleward end. As shown in 
Figure 2.22d, a noticeable feature in the magnetic field is the large positive normal 
component B r peaked at r ~  8.7R e  which is near the magnetospheric side of the 
magnetic island boundary. Contrary to the convergent flow around the equatorward 
portion o f the magnetic island, the flow pattern outside the magnetic island is now 
divergent (flowing away from magnetic island) as indicated by the vr profile (positive 
on magnetosheath side and negative on magnetospheric side). A look at Figure 2.16 
shows that the earthward flow (vr <  0) on the magnetospheric side is also part of 
the vortex flow discussed above. The electric field E y now turns to negative with its 
minimum inside the magnetic island.
Figure 2.22e shows simulation data along diagnostic line ee'. The bipolar feature 
(negative and positive signature) o f the magnetic normal component Br across the 
magnetic island can be clearly seen. Associated with tills bipolar signature o f Br, 
as noted earlier, is the bipolar structure o f E y which goes from positive to negative
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with increasing latitude. Interestingly enough, the point where Ey reverses its sign 
(at 9 ~  32") coincides with the point where Br reverses sign. In addition, the peak 
magnitude o f Ey in the island region is almost six times larger than that o f Ey in 
the solar wind away from the magnetopause. The vg profile along the magnetic island 
shows an asymmetric feature. The peak o f vg is located near the equatorward end o f 
the magnetic island at 9 ~  20°, above winch vg decreases with increasing latitude. This 
feature will be discussed extensively in section 4 in association with observations.
Next the distributions o f the current-dependent anomalous resistivity along the 
magnetopause for Case 4 will be shown. The implication o f the distributions will 
be discussed in relation to the reconnection patterns. Shown in Figure 2.23 is the 
distribution o f rj(J) (see equation (2.5)) at different times near the magnetopause in the 
x-z  plane. At t =  261^, the magnetopause current density exceeds slightly the critical 
current intensity (J,. =  10) in the region from 9 =  0° to ~  40". As a consequence, a 
narrow strip o f higher resistivity appears along the magnetopause up to 9 ~  40". In 
the rest o f  the region, the resistivity distribution is constant (— tji,). At this time, no 
reconnection has been observed yet (cf. Figure 2.15). At t =  2 9 ^ , the resistivity is 
enhanced largely at two points (0 =  0" and ~  10") hi the magnetopause. A  careful 
comparison with Figure 2.15 shows that these two points are the location o f the two X 
lines (northern hemisphere). At a higher latitude (~  30") in the magnetopause, there is 
another enhanced resistivity region but the magnitude o f the enhanced resistivity in this 
region is smaller than that at the two lower latitude points. Figure 2.15 shows that in 
this higher latitude region o f  enhanced resistivity, a third X  line is about to be formed. 
At t — 31*4, it is seen in Figure 2.15 that in the northern hemisphere, two magnetic 
islands are formed due to magnetic reconnections at three X  lines, which are located 
at 9 ~  0", 20", and 40", coinciding with the three regions having a large resistivity
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enhancement in Figure 2.23. At t =  36Ia , the resistivity enhancement, though reduced 
by 50%, remains at the subsolar point but has disappeared elsewhere.
It is seen that the appearance o f a new reconnection site is always associated with 
a local enhancement o f  resistivity. The resistivity enhancement is further caused by 
the local enhancement o f current intensity. However, what leads to the enhancement of 
the current density in the first place, remains unclear. It is possible that the unstable 
tearing modes may be responsible for the enhancement o f current density too. In any 
case, for reconnections induced by current-dependent resistivity, the process seems a 
mutually interactive one. First, the initial small fluctuation o f current density and, 
consequently, the small local enhancements o f resistivity at several points will trigger 
magnetic reconnections at these points. The onset o f magnetic reconnections will further 
enhance the current density and, in effect, the resistivity at X  lines. The enhancement 
o f  resistivity will, in turn, speed up the reconnection process. Hence, this mutually 
inducing process will lead quickly to the impulsive reconnections as evidenced by Figure 
2.24, which shows the variation of the electric field E ap at the subsolar point with time. 
As pointed out in subsection 2.3.1, E„p corresponds to the reconnection rate at the 
subsolar point. In Figure 2.24, it is seen that E„p increases quickly after t ~  29t_4 and 
reaches a maximum at t ~  3 It a . After reaching the maximum, E ap again drops sharply. 
The variation o f E ep indicates a typical impulsive reconnection process at the subsolar 
point for Case 4.
It should be noted that the magnetic reconnection pattern in Case 4 is, o f course, 
not the only type for the dayside magnetopause. Case 4 serves mainly to demonstrate 
one possible family o f dayside reconnections: the small-scale impulsive reconnections 
with multiple reconnection sites. A  phenomenological model describing the similar re­
connection process at the dayside magnetopause has been suggested by Lee and Fu 
[1985]. The term multiple X-line reconnection originates from their initial paper and is
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Figure 2.23 Distribution of anomalous resistivity 77 near the dayside magne­
topause at four different times In Case 4. 770 Is the normalization unit for
resistivity.
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Figure 2.24 Variation of magnetic reconnection rate at the subsolar point as 
a function of time in Case 4. E sp is the electric field at the subsolar point and 
Is defined as the reconnection rate at that point.
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used by these authors to refer to the type o f magnetic reconnections in which magnetic 
islands are formed. In addition, they have used their dayside multiple X-line reconnec­
tion model to interpret successfully the observed flux transfer events (FTEs). In section
2.4, the magnetic and plasma signatures produced by the reconnection processes in Case 
4 will be examined and compared with those o f FTEs.
2.3.3 Effect o f solar wind Alfven Mack number
The effect o f the solar wind Alfven number on the dayside reconnections has been 
studied by Podgomy et al. [1978] in laboratory experiments. In their experiments, 
an artificial magnetosphere was produced as a result o f interaction between a super- 
Alfvenic flow o f collisionless plasma and the magnetic field o f a dipole. In the presence 
o f a southward magnetic field component in the plasma, Dungey-type steady magnetic 
reconnection prevails for Alfven Mach numbers just above unity (~  1.5). However, 
when the Alfven Mach number increases to ~  10, a large magnetic bubble (a magnetic 
island) is observed in front o f the dayside magnetopause as a result o f two X-type neutral 
points formed near the polar cleft. Due to the limited resolution o f the experiments, 
the small-scale structures inside this large magnetic bubble were unknown.
In the present simulation, the solar wind Alfven Mach number M sw is another 
parameter that can be changed. By definition, M „„  =  B sw/vau, (in normalized units). 
A change in M.,u, can be caused by a change in either B„w or vKW. In the cases pre­
sented below, v„w is fixed while B fW changes. Recall that our initial configuration is 
an equilibrium between the incompressible flow (the solar wind flow) and a dipole field 
(the geomagnetic field). To change vaw would also require a change in the dipole field 
strength to maintain the equilibrium. Hence, in the normalized units v„w will not be 
changed.
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We now present two simulation cases, Case 5 and Case 6, to demonstrate the effect 
o f  M „w. In Case 4 the Alfven Mach number is low (M „,„ =  2). In Case 5, M fW is 
increased to 4 and in Case 6, M „w= 6. All the other parameters in Case 5 and Case 6 
are the same as in Case 4 (see also Table 2.1).
In Case 5, the solar wind Alfven Mach number is M sw =  4. Figure 2.25a shows 
the magnetic field patterns at t — 3 At a and t — 3 9 and Figure 2.256 shows the cor­
responding flow patterns. At t =  34tA, one long and thin magnetic island is formed 
in each hemisphere. Within each o f these long magnetic islands two smaller islands 
begin to appear. The formation o f the long magnetic islands is caused by magnetic 
reconnections at the subsolar point and at two high latitude locations (on the mag­
netopause near x =  5R e  )• At t — 39tA, the long magnetic island has split into two 
magnetic islands, which have grown to large sizes and are being convected poleward. 
We now compare the reconnection patterns o f Case 4 and Case 5 at the early stage 
o f reconnections, hi the comparison, we choose the t =  29tA instance for Case 4 and 
t — 34tA for Case 5 (note that reconnections start at a later time in Case 5 than in 
Case 4). In both cases, one reconnection site is at the subsolar point. However, in Case 
5 the second reconnection site has shifted to high latitude (near 9 ~  60°) while in Case 
4 the second reconnection site is at 9 ~  ±10°. Therefore, it is seen that reconnection 
sites tend to move to higher latitude when M gw is increased. Later on, the magnetic 
field pattern at t — 391 a in Case 5 looks similar to that o f Case 4 at t =  36tA (see 
Figure 2.15). However, two apparent differences can be identified. First, in Case 5 the 
bulge o f magnetic islands (at t =  39tA) on the magnetosheatli side is larger than that 
on the magnetospheric side, while in Case 4 the bulge o f magnetic islands (at t =  36tA) 
is almost symmetric on both sides. The asymmetry o f the magnetic island bulge in 
Case 5 is expected to be due to the large difference in magnetic field strength on the 
two sides o f  the magnetic island. Second, the open flux layer enveloping the magnetic
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island in Case 4 is absent in Case 5 (4 =  391 a )- At 4 =  394,4, the reconnected field 
lines in Case 5 are all the closed field lines o f magnetic islands. This indicates that in 
Case 5, the same amount o f magnetic flux is reconnected at both ends o f the magnetic 
island while in Case 4 more magnetic flux is reconnected at the low-latitude end o f each 
magnetic island, forming open magnetic field lines enveloping the magnetic island from 
below. This implies that when M sw increases, the reconnection rate at higher latitudes 
tends to increase.
In Case 6, the solar wind Alfven Mach number is further increased to M „w =  6. 
Figures 2.26a and 2.266 show the dayside reconnection patterns o f magnetic field and 
plasma flow, respectively, at three different times. It is seen that the high-latitude re­
connection becomes dominant. At t — 384^, no reconnection occurs near the subsolar 
point (low-latitude region). Instead, a long magnetic island centered at the subsolar 
point is formed as a result o f reconnections at two high-latitude points in the north­
ern and southern hemispheres. The magnetic island grows with time and later two 
magnetic islands are formed inside the large island due to reconnection at the subsolar 
point. However, the reconnection process at the subsolar point is much weaker than 
that at the two high-latitude ends o f the large island. In fact, in Figure 2.266, sig­
nificant equatorward flows are seen inside the large island near its two high-latitude 
ends. These equatorward flows are caused by plasma accelerations associated with the 
high-latitude reconnection. In the whole process, the large island is stagnant at the 
dayside magnetopause, while the interplanetary magnetic fields keep piling up in front 
o f  this magnetic island. In addition, as in Case 5, the magnetic bulge caused by the 
large island is larger on the magnetosheath side than on the magnetospheric side. This 
geometrical asymmetry hi the bulge seems to be a common feature when the magnetic 
field strength has a large asymmetry on the two sides o f  the magnetic island. The large 
magnetic island formed in Case 6 is very similar to that observed in Podgorny et al.’s
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t =  34f A t =  3 9<a
(a)
Figure 2.25 (a) Magnetic field configurations near the dayside magnetopause 
at t -  34f a  and t =  39f a  In Case 5.
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t =  34 t A
(b)
Figure 2.25 (b) Plasma flow patterns near the dayside magnetopause at t =  
ZAtj\. and t =  39 t^  In Case 5.
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[1978] experiment for a high Alfven Mach number (~  10) and in the particle simulation 
by Allen and Swift [1989].
The simulations presented above suggest that when the solar wind Alfven Mach 
number increases, the dayside reconnections tend to shift to higher latitude. For a very 
large M „ „ , the liigh-latitude reconnection may become the dominant dayside reconnec­
tion process. Similar latitudinal dependence o f the dayside reconnection process on the 
solar wind Alfven Mach number is observed by Podgom y et al. [1978]. Note that though 
the simulation presented here is only a two-dimensional one, the experiment conducted 
by Podgorny et al. is in a more realistic 3-D geometry. In Lee and Fu's [1986a] locally 
driven reconnection, a large magnetic island would later split at the stagnation point o f 
plasma flow and the daughter islands would be subsequently expelled poleward. Hence, 
the large island in Case 6 is also expected to be split and expelled poleward later.
I f  the large magnetic island can indeed be formed at the dayside magnetopause as 
in Case 6, the chances o f observing it are high due to its large size, which is expected to 
be ~  5 -lO tff; in the north-south direction and ~  1 -2R e  in the radial direction. How­
ever, since one satellite can usually sample data in a very limited region, simultaneous 
observations by many satellites at spatially separated regions are needed to obtain a 
global picture o f the large island. One feature that may be used for the identification 
o f the large island at the dayside magnetopause in satellite observations is the equator- 
ward plasma flow at high latitude and the associated large normal magnetic component 
(positive in the northern hemisphere and negative in the southern hemisphere).
Finally, the 3-D configuration o f the large magnetic island in Case 6, which results 
from high-latitude reconnection, is worth further study.
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t =  m A t =  43 t A t =  53f A
( a )
Figure 2.26 (a) Magnetic field configurations near the dayside magnetopause 
at t -  38tA, t -  43tA, and t =  53tA In Case 6 .
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Figure 2.26 (b) Plasma flow patterns near the dayside magnetopause at t =  
381a , t =  43 tA, and t =  53tA In Case 6.
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2.4. Flux Transfer Events and Impulsive Reconnections at the Dayside 
Magnetopause
93
2-4 1 Flux transfer events
Based on the ISEE spacecraft magnetic field data, Russell and Elphic [1978] reported 
impulsive magnetic events near the dayside magnetopause. These events are charac­
terized by a bipolar signature in the magnetic field component normal to the dayside 
magnetopause. The events were termed flux transfer events (FTEs), which they in­
terpreted as being due to the passage o f open magnetic flux tubes formed by patchy 
or localized reconnections. The properties o f FTEs were later further studied and dis­
cussed by a number o f authors [Paschmann et al., 1982; Scholer et al., 1982; Daly et 
al., 1981, 1984; Cowley, 1982; Rijnbeek et al., 1984; Saunders et al., 1984; Berchem and 
Russell, 1984]. Figure 2.27 shows an example o f  FTEs as they appear in observational 
data obtained by ISEE 1 and 2 [Saunders et al., 1984]. In Figure 2.27, plasma density, 
velocity, and the magnetic field observed in the vicinity o f  the magnetopause (magne- 
tosheath side) are displayed as a function o f time. Nc and Np are the number densities 
o f  energetic electrons and protons, respectively. B n  is the magnetic field component 
normal to the magnetopause and B L and B m  are two other components in a bound­
ary normal coordinate system discussed earlier. Three FTEs are identified at times of 
~  1319 U T, 1325 UT, and 1342 UT. Each event is bounded by two vertical dashed lines 
in Figure 2.27. In each event, B n  shows an bipolar variation with an positive-negative 
excursion. FTEs with a negative-positive B n  excursion are also observed. In terms of 
Rijnbeek et al.’s [1984] classification, the former type o f  FTEs is defined as “standard” 
FTEs, while the later type are the “reverse” FTEs. FTEs are found all over the dayside
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magnetopause region covered by the ISEE spacecraft on both the magnetoslieath and 
magnetospheric sides.
Statistical studies o f satellite data have revealed some o f the general features o f 
FTEs. It has been found that the majority o f  FTEs occur when the magnetic field in 
the magnetoslieath has a southward component. The close correlation o f the occur­
rence o f  FTEs with the IMF orientation provides strong evidence that FTEs are closely 
associated with magnetic reconnection on the dayside magnetopause. The properties 
o f  FTEs observed in the magnetoslieath and hi the magnetosphere are similar, suggest­
ing a common source for the F TE  generation. Observations indicate that FTEs are 
separated temporally by 5 -15 minutes with each event lasting about 1-2 minutes. The 
cross-section o f the flux tube is typically 1 R 2E, elongated in the north-south direction. 
FTEs with a positive-negative Bn  signature ( “standard” FTEs) are preferentially ob­
served in the northern hemisphere, while FTEs with a negative-positive B n  excursion 
( “reverse” FTEs) occur most frequently in the southern hemisphere. This spatial dis­
tribution o f B n  signatures suggests that FTEs originate at low-latitude region rather 
than in the cusp regions. Apart from the magnetic field signatures, FTEs are also char­
acterized by a mixture o f magnetoslieath and magnetospheric particles. These facts 
strongly support the hypothesis that FTEs represent encounters o f reconnected flux 
tubes [Paschmann et al., 1582]. Enhanced plasma flow speeds (~  100 km /s) are often 
seen in crossings o f FTEs near the magnetopause [Paschmann et al., 1982]. These ob­
servations further show that the enhanced plasma flow speeds are near the trailing end 
o f an FTE. This asymmetry in the enhanced plasma flow speed distribution may be an 
indication o f ongoing magnetic reconnections at the equatorward portion o f  the FTE 
bulge [Paschmann et al., 1982; Sonnerup, manuscript,1988].
Since their discovery, FTEs have attracted a large amount o f attention from mag­
netospheric physicists and have come to play an important role in the study o f solar
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Figure 2.27 ISEE-1 (heavy trace) and ISEE-2 (light trace) magnetic field and 
plasma measurements from the outbound magnetosheath passage on Octo­
ber 23, 1978. The plasma data are shown in the top five panels, and consist 
of various density and flow parameters. The magnetic field recordings are 
displayed in boundary normal coordinates where Bpj is outward along the 
boundary normal, Bj, is along the projection of the GSM Z-axis in the mag­
netopause plane, and B m  completes the orthogonal triad and points west­
ward. The bottom panel shows the field angle in the LM plane, defined by 
« /,A f =  tan~l {B m IB l )- iSEE-1's position is given at the base of the fig. 
in terms of geocentric radial distance (R) in Earth radii, and GSM local time 
(LTg s m ) and latitude (LAT g s m ) (Saunders et al., 1984).
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wind-magnetospliere interactions. There is a large body o f experimental evidence which 
is suggestive o f F T E ’s close associations with magnetic reconnections. It is therefore 
not surprising that almost all the theoretical FTE models have invoked magnetic re­
connections. For this reason, FTEs have contributed largely to the recent conceptual 
changes in our dayside reconnection pictures (for a review o f various reconnection m od­
els motivated by FTEs, see Chapter 1 and the references therein). At the same time, 
interpretations o f FTEs have become in a way a process o f testing and developing new 
dayside reconnection models. Although the detailed magnetic reconnection geometry 
is not known, it is now widely accepted that FTEs represent either moving magnetic 
tubes as in Russell-Elphic model [Russell and Elphic, 1978] and Lee-Fu model [Lee and 
Fu, 1985] or the bulged open flux loops as in Scholer’s [1988a] and Southwood et al.’s
[1988] model.
In subsection 2.4.2 and 2.4.3, we will use our simulation results to illustrate two 
types o f  dayside reconnection, which can produce major FTE signatures.
2.J.2 Multiple X  line reconnections
Lee and Fu [1985] proposed an FTE model, in which FTEs are considered as passages of 
magnetic islands (or magnetic flux tubes in 3-D configuration) resulting from multiple 
X-line reconnections at the dayside magnetopause (see Chapter 1 for a review). The 
magnetic reconnection pattern in Case 4 (described in section 2.3.2) resembles in many 
ways the theoretical picture o f Lee-Fu’s dayside multiple X-line reconnections. In the 
following, the magnetic field and plasma flow signatures produced by the multiple X-line 
reconnections in Case 4 will be compared with those o f FTEs. The comparison shows 
that some o f the magnetic and plasma signatures resulting from reconnection patterns 
in Case 4 Eire in good agreement with the observed features o f FTEs.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Observations show that in the northern hemisphere the bipolar B n  signature is 
often seen to have a positive-negative excursion while in the southern hemisphere a 
negative-positive B n  excursion is observed. This feature o f  FTEs can be explained by 
the reconnection processes described previously in Case 4. In Figures 2.14 and 2.15, 
it was seen that magnetic islands formed in the low-latitude region are later convected 
poleward. Hence, a fixed observer (say, in a satellite) close enough to the magnetopause 
would see a bipolar impulse o f B n  at each pass o f a magnetic island. Since the magnetic 
fields on the magnetoslieath side are pointing southward and on the magnetospheric side 
northward, the bipolar B n  impulse will show a positive-negative (negative-positive) 
excursion in the northern hemisphere (in the southern hemisphere). Furthermore, one 
o f the observational facts is that FTEs are observed more frequently at high latitudes 
while their origin seems to be in the low-latitude region [Russell et al., 1985; Southwood 
et al., 1986). The present simulation is also consistent with this property o f FTEs. As 
Case 4 shows, the magnetic islands are formed at low latitudes initially and are later 
convected to high-latitude region. In the process o f poleward convection, the island size 
also grows. Hence, a larger size o f  magnetic islands and a stronger B n  component at 
higher latitude make them easier to detect.
As mentioned in subsection 2.4.1, one important feature that strongly suggests 
ongoing magnetic reconnections at the equatorward portion o f magnetic flux tubes is 
the plasma flow speed enhancement at the trailing end o f FTEs. In Figure 2.16, which 
shows the flow pattern o f  Case 4, an enhanced-flow region is associated with each moving 
magnetic island (this is particularly clear at t =  36t^). This indicates that magnetic 
islands are moving faster than the ambient plasmas. The latitudinal distribution of 
the tangential velocity vg at t — 36£a for the lower magnetic island in the northern 
hemisphere is shown in Figure 2.22e. The peak o f vg is near the trailing end o f the 
magnetic island. The magnitude o f vg near the trailing end o f  the magnetic island is
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approximately equal to the local Alfven speed just upstream of the reconnection layer 
(see Figure 2.22a and the discussions therein). The value o f vs in the trailing end is 
expected, since magnetic reconnection at the equatorward end o f the island (in this 
case, the subsolax point) is still in progress with a nonzero reconnection rate as shown 
in Figure 2.24.
The trailing end plasma flow speed enhancement observed in FTEs [Paschmann et 
al., 1982] can be explained in terms o f the multiple X-line reconnection process. Sup­
pose that magnetic reconnection at the equatorward end o f the magnetic islands occurs 
during the poleward convection o f the magnetic island and dominates over the recon­
nection at the poleward end o f the same magnetic island. Plasma near the equatorward 
portion o f the magnetic island will be accelerated to a speed faster than the ambient 
plasma. At the same time, a magnetic island moving away from the equatorial region at 
a speed faster than the ambient plasma must push its way through the ambient plasma 
at the poleward end o f the magnetic island. Consequently, plasma flow speed is reduced 
at the poleward end o f the magnetic island. Case 4 o f the simulation supports such an 
argument at least qualitatively. Hence, in addition to the bipolar BN signature, the 
Lee-Fu type o f multiple X-line reconnection seems to be also capable o f generating the 
observed asymmetric enhanced plasma flow patterns associated with FTEs.
To this point, the comparison o f the present simulation with FTEs has only been 
made at a fixed time. Observationally, FTEs are identified in the magnetic and plasma 
data recorded by satellites as a function o f time (cf. Figure 2.27). In order to pro­
vide a more accurate and realistic comparison, several probes have been placed at fixed 
locations near the magnetopause for Case 4. These probes will record magnetic field 
and plasma velocity as a function o f simulation time. The probes are placed in three 
different regions: magnetosheath, magnetopause, and magnetosphere. In the following, 
the variation o f the magnetic field and plasma velocity with time as seen by nine probes
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will be presented in Figures 2.28a-t. In each figure, the region o f the FTE-like event is 
marked by two vertical dashed lines. As in Figures 2.22a to e, the magnetic field and 
velocity are decomposed into normal components, B r and vr , and tangential compo­
nents, Bg and vg. The nine probes axe all in the northern hemisphere and Eire located 
at r =  8R e , 8.7R e , and 9.472^, and 9 =  10", 23", and 36", respectively (cf. Figure 2.21 
for the approximate locations o f  probes). For the convenience o f discussions, the two 
hemisphere magnetic islands in the northern hemisphere in Case 4 (see Figures 2.15 
and 2.16) will be named island 1 (the lower one) and island 2 (the upper one).
Magnetosheath events
Figures 2.28a to 2.28c below show the magnetic and plasma data recorded by three 
probes at r =  9A R e  and 8 =  10", 23" and 36", respectively. In these figures, Bg 
is negative throughout the diagnostic time and, therefore, the FTE-like events are 
observed in the magnetosheath.
In Figure 2.28a, a negative B r pulse is seen around t ~  30t^. Both vr and vg 
are small during the event. The small plasma velocity indicates that the probe is 
outside the magnetic island region all the time. The negative B r pulse means that 
the probe sees only the magnetic disturbance caused by the lower portion of island 1 . 
The compression o f  the magnetosheath field by the passing island is evidenced by an 
increase in |Bg|. The vr becomes negative at f ~  30t^, which indicates a earthward 
flow towards magnetopause during and after the passage o f island 1 .
At latitude 9 — 23" as shown in Figure 2.286, the bipolar positive-negative FTE sig­
nature o f B r is seen during the interval from t ~  3 1 ^  to ~  39<^. A  small enhancement 
in vg is seen near the trailing end of this FTE-like event.
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r =  9.4Re , 0 =  10°
t/tA
(a )
Figure 2.28 Magnetic and plasma flow measurements at fixed probes, (a) 
Magnetic field and plasma flow measured by probe 1 placed at r  =  9A R E 
and 8 =  10 °.
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r = 9ARe , 0 = 23°
t/tji
(b )
Figure 2.28 (b) Magnetic field and plasma flow measured by probe 2 placed 
at r =  9A R e  and 6 =  23°.
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At high latitude 6 =  36° (Figure 2.28c), a positive-negative bipolar Br pulse ap­
pears from t ~  M tA to i ~  39tA- At the trailing end o f the Br bipolar pulse, there is 
a large enhancement in vg. The positive-negative B r pulse together with this large vg 
enhancement implies that the probe sees the passing o f island 1 near its center region. 
Note that Bg is negative and is almost zero near the end o f the event. Hence the trailing 
portion o f the FTE-like pulse is very close to the magnetopause. The present result is 
consistent with satellite observations [Paschmann et al., 1982] that enhanced plasma 
flow speed regions are usually seen in FTEs in or very close to the magnetopause. The 
negative B r pulse immediately ahead o f the positive-negative Br pulse in Figure 28c 
corresponds to the passing o f  the trailing end o f island 2. Associated with this negative 
B t pulse is a small vg enhancement peaking at t ~  3 2 ^ .
Magnetopause events
Figures 2.28d to 2 .2 8 /show the magnetic and plasma data recorded by three probes at 
r =  8.7R e  and 0 =  10", 23" and 36°, respectively. These FTE-like events are classified 
as magnetopause events, since Bg changes its sign.
At 0 =  10", B r only shows a negative pulse from t ~  29tn to t ~  37t^. A small 
vg enhancement is seen, peaking at the trailing end o f the Br pulse; vr remains small 
during the event. The vg enhancement and negative Br pulse indicate that the probe 
is inside island 1 and sees the passing o f the trailing end. Since the probe is near the 
subsolar point, the velocity enhancement associated with magnetic reconnection at the 
subsolar point is not very high.
At 0 =  23", the probe detects a very clear FTE-like positive-negative Br pulse 
from  t ~  32tA to f ~  38tA and a large vg enhancement peaking at the the trailing end 
o f  the B r pulse. This corresponds to the passage through the core region o f island 1.
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r =  9ARe , 0 =  36°
t/tA
(c)
Figure 2.28 (c) Magnetic field and plasma flow measured by probe 3 placed
at r =  9A R e  and 6 =  36°.
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r = 8.7R E , 6 = 10°
. t / t A
(d)
Figure 2.28 (d) Magnetic field and plasma flow measured by probe 4 placed 
at r  =  8 .7R e  and 0 — 10 °.
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r =  8.7Re , 6 =  23°
t/tA
(e )
Figure 2.28 (e) Magnetic field and plasma flow measured by probe 5 placed 
at r  =  8 .7R e  and 9 =  23°.
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At a higher latitude 9 =  36°, the probe begins to see the passage o f island 2 before 
island 1. As shown in Figure 2.28/, two FTE-like positive and negative B r pulses are 
seen together with a Vg enhancement. The first positive-negative B r pulse corresponds 
to the passage o f island 2 and the second pulse is associated with island 1. The vg 
enhancement associated with island 2 is centered in the trailing end o f the pulse, while 
the vg enhancement associated with island 1 peaks at the trailing end.
Magnetosphere events
Figures 2.28g to 2.28i present the magnetic and plasma data recorded by three probes 
placed at r =  8R e  and 6 =  10°, 23° and 36°, respectively. In these figures, Bg is 
positive and the three FTE-like events can be considered as magnetospheric events.
At low latitude 9 =  10° (Figure 2.28gr), the probe sees only a negative B r pulse 
while the plasma velocity is close to zero. Therefore, the B r pulse is caused by the 
passing o f the equatorward portion o f island 1. A  large Bg during the event indicates 
that the probe is away from the magnetopause.
At 9 =  23° (Figure 2.28ft), a bipolar FTE-like B r pulse can be clearly identified. 
This FTE-like B r pulse can be identified as caused by the compression o f the geomag­
netic fields by the passing o f island 1. The increase o f  Bg is also due to the compression 
o f the geomagnetic fields. The negative-positive vr variation shows that the plasma 
poleward o f  the island is expelled away from the the island and the plasma in the 
trailing end converge towards the island.
At 9 =  36° (Figure 2.28t), immediately following a small negative B r pulse from 
t ~  31 tA to t ~  34f^, a complete positive-negative bipolar pulse occurs. The negative 
B t  pulse preceding the bipolar B r pulse is due to the compression o f the geomagnetic 
field by the passing o f the equatorward portion o f island 2. The later bipolar pulse
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
107
r =  8.7Re , 6 =  36°
t/tA
(f)
Figure 2.28 (f) Magnetic field and plasma flow measured by probe 6 placed 
a t r  =  8 .7 R e  and 0 — 36°.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
r = 8R e , 6 = 10°
t/ tji
(g )
Figure 2.28 (g) Magnetic field and plasma flow measured by probe 7 placed 
at r  =  8R e  and 0 =  10°-
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r =  8Re , 9 =  23°
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Figure 2.28 (h) Magnetic field and plasma flow measured by probe 8 placed 
at r  =  8R e  and 0 =  23°.
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corresponds to the passing o f island 1 near its core on the magnetospheric side as 
is implied by the largely enhanced Vq and the decrease in Be- In addition, a large 
positive vT pulse near the end o f the bipolar pulse shows a large plasma flow towards 
the magnetopause after the passage o f island 1 .
Some o f the magnetic and plasma properties revealed hi Figures 2.28a to 2.28i are 
summarized and discussed in the following.
(1) The simulation suggests that the poleward convection o f magnetic islands 
formed by the dayside multiple X-line reconnections can indeed generate FTE-like 
bipolar B n  signatures in the magnetosheath, magnetopause, and magnetosphere. The 
observation o f a bipolar B n  pulse does not necessarily correspond to the passage o f the 
magnetic island itself through the observation point. In the magnetosheath and mag­
netosphere, a bipolar B n  may be caused by the passage o f rippled magnetic structure 
due to the compression o f the magnetosheath or magnetospheric field by the moving 
magnetic island. The bipolar B n  pulse in this category can be identified by the absence 
o f  enhanced plasma flow speed.
(2) In the simulation, the tangential plasma velocity enhancement is sometimes 
found to be associated with the bipolar B n  pulse. The enhanced tangential plasma 
flow velocity either is concentrated or appears as peaks in the trailing end o f  the bipolar 
pulse. This asymmetry in flow speed enhancement found in our simulation is in good 
agreement with observations. Observations [e.g., Paschmann et al., 1982] further show 
that FTEs with enhanced plasma flow speed are preferentially those seen near the 
magnetopause. This is also consistent with the multiple X-line reconnection picture o f 
FTEs since, as the above simulation shows, the enhanced plasma flow speed appears 
only within the magnetic island region. Also as shown above, an enhanced v$ usually 
corresponds to a small or zero B e , while the magnetopause position is roughly identified 
as where Be is zero.
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r =  8Rb , 6 =  36°
t/tA
(i)
Figure 2.28 (I) Magnetic field and plasma flow measured by probe 9 placed
at r =  8 R e  an£* ^ =  36°.
i
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(3) In Case 4, the duration o f the bipolar Br structure ranges from 6- 8£  ^ (3 4 
minutes), close to the observed duration o f an FTEs.
(4) At low latitude regions (6 <  10° in Case 4), the complete Bn  pulse may not 
be seen. Instead, a positive or negative B n  pulse may appear, corresponding to the 
passage o f the equatorward portion o f an magnetic island. Rijnbeek et al. [1984] have 
included the single B n  pulse events as “irregular” FTEs.
2-4-3 Bursty single X-line reconnection
In subsection 2.3, based on the simulation cases with constant resistivity, it was sug­
gested that in the presence o f small resistivity or a large magnetic Reynolds number, 
dayside reconnection may occur preferentially in the form o f multiple X-line reconnec­
tions. However, a particular type o f single X-line reconnection may still be possible even 
in the presence o f  a locally enhanced resistivity. This is the bursty single X-line recon­
nection process proposed independently by Southwood et al. [1988] and Scholer [1988a] 
in an attempt to explain FTEs. These authors argued that a sudden enhancement and a 
subsequent reduction o f the reconnection rate at a local point on the magnetopause can 
generate a bulged magnetic field region, which produces the bipolar normal magnetic 
field component signature o f  FTEs. This model is usually referred to as the bursty re­
connection model, in which magnetic reconnection occurs only at one point (i.e., single 
X  line reconnection). In order to generate a large enough magnetic bulge, in addition 
to the sudden enhancement and reduction of the reconnection rate, one prerequisite 
condition is the existence o f a long current sheet, which is typical o f the dayside mag­
netopause. Therefore, if the occurrence o f local impulsive change of the reconnection 
rate can be justified at the dayside magnetopause, this model may be another potential 
candidate for FTEs. One possibility is that, as suggested by Southwood [1987], the
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reflection o f  current surges between the dayside region and ionosphere modulates the 
reconnection rate at the subsolar point. A similar bursty single X  line reconnection 
process and the resulting magnetic field bulge structure were predicted and studied 
analytically earlier by Biernat et al. [1987].
Below is persented a simulation ,Case 7, which reproduces the single X-line bursty 
reconnection at the dayside magnetopause. In Case 7, the magnetic reconnection is 
triggered at the subsolar point by a sudden local resistivity change. To simulate this 
case, the resistivity form assumed in equation (2.5) is replaced by
tj =  +  Vb. (2.13)
The first term on the right-hand side represents a local impulsive resistivity while the 
second term is the usual background resistivity. It is seen in (2.13) that resistivity will 
be enhanced around a local area centered at x =  *o and z =  zo near t =  to for a period 
o f r . A  small T)b =  0.00025 is used such that a long current sheet can be formed at 
the dayside magnetopause before reconnection. The resistivity onset time is chosen as 
to =  26tA when the long current sheet, as shown in the simulation, has formed at the 
magnetopause. Since we intend to trigger magnetic reconnection at the subsolar point, 
which at time t =  26t^j is found to be at x =  9R e , we set =  9Re , Zi> =  0 , and 
Jo =  2R E- Finally, we set r  =  2t^ ~  1 minute, which is o f the order o f the duration of 
one FTE, and iji =  0.06.
W ith the small 775 and the local impulsive resistivity component in (2.13), bursty 
reconnection is observed, as is expected, in Case 7 at the subsolar point. A large mag­
netic bulge is formed and later convected poleward. Figure 2.29a shows two snapshots 
o f  the magnetic field configurations in Case 7 near the magnetopause at t =  30t^ 
and t =  3 6 and Figure 2.295 gives the the corresponding plasma flow patterns. At 
t =  30tvi, as shown in Figure 2.29a, the sudden enhancement o f the resistivity at the
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subsolar point leads to impulsive magnetic reconnection at that point and, as predicted 
by Southwood et al. [1988] and Scholer [1988a], two large magnetic bulges are formed^ 
one in the northern hemisphere and tlie other in the southern hemisphere. The spatial 
scale o f each magnetic bulge at t =  30f a is ~  2 R e hi the radial direction and ~  3R e in 
the azimuthal direction, approximately the scale size o f FTEs. Since no reconnections 
occur at higher latitudes, the magnetic field line at the poleward ends o f the magnetic 
bulges are not closed (or reconnected). Hence the magnetic bulges are made up o f open 
field lines only. It is seen that the shape o f the two magnetic bulges are similar to 
magnetic islands (for example, those in Case 4) and, therefore, it is expected that these 
large magnetic bulges can bend magnetic field lines hi the normal direction sufficiently 
to produce the FTE B n  bipolar signature also. As in the magnetic island case (Case 
4), the two magnetic bulges formed at low latitudes are later convected poleward. By 
t — 36tA, the major portion o f the two magnetic bulges have been convected out o f  the 
low-latitude region. Associated with the magnetic bulges, as shown in Figure 2.296, a 
region o f enhanced plasma flow speed can be identified. This hidicates that, like mag­
netic islands, the magnetic bulges are also moving poleward at a faster speed than the 
ambient plasma. The average tangential speed o f the moving magnetic bulges is ap­
proximately the local Alfven speed calculated in the innnediate vicinity o f the magnetic 
bulge on the magnetospheric side. This value o f  the convection speed o f the magnetic 
bulge is the consequence o f ongoing magnetic reconnection at the equatorward end o f 
the magnetic bulge (subsolar point). Figure 2.30 shows the j/-c.omponent o f the elec­
tric field at the subsolar point E sp (or reconnection rate) as a function o f time. In 
Figure 2.30, E sp increases sharply after t ~  26£a, reaching a peak at t ~  28.5f a , and 
afterwards drops sharply to less than one-third o f the peak value. The profile o f E,p
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suggests an impulsive reconnection process at the subsolar point similar to Case 4. This 
impulsiveness is caused by a sudden resistivity change.
In this simulation, the bursty single X-line reconnection process is reproduced by 
a sudden resistivity change at the subsolar point. In reality, there may be many other 
mechanisms to trigger a local impulsive reconnection. No matter what processes act 
as the initial triggering agents, the magnetic configuration and plasma flow features in 
a single X-line impulsive reconnection are expected to be similar to those in Case 7. 
The resultant magnetic bulge and the associated enhanced plasma flow speed shown in 
Case 7 suggest that bursty single X-line reconnections may be another potential source 
o f FTEs, in addition to the multiple X-line reconnection process.
2-4-4 Multiple X-line reconnections versus bursty single X  line reconnections
At first glance, multiple X-line reconnections and bursty single X-line reconnections 
seem to be two different processes. A close examination o f the two reconnection pro­
cesses will reveal some common features. First, the two reconnection processes are 
impulsive. Second, they share some topological resemblances. In fact, as already noted 
in subsection 2.3.2, each magnetic island formed at the dayside magnetopause in Case 4 
is wrapped by a layer o f  open magnetic flux connecting the interplanetary magnetic field 
and the geomagnetic field (cf. Figure 2.15). Although in a multiple X-line reconnection 
process magnetic reconnections occur at several points, reconnection rates at different 
reconnection sites are not necessarily the same. The layers o f open flux surrounding 
the magnetic islands in Case 4 are due to the fact that more magnetic flux is recon­
nected at the equatorward end o f the magnetic islands. The open flux layer in Case 
4 o f  multiple X  line reconnection has been noted by Sonnerup [manuscript, 1988] who 
pointed out that this open flux layer forms the essential ingredient in Southwood et al.’s
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Figure 2.29 (a) Magnetic field configurations of Case 7 near the dayside mag­
netopause at t — 3 0 t^  and t =  36 t a - Bursty single X-line reconnection is 
shown.
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Figure 2.29 (b) Plasma flow patterns of Case 7 near the dayside magne­
topause at t =  3 0 t^  and t =  36 f^ .
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Figure 2.30 Variation of magnetic reconnection rate as defined by E gp as a 
function of time at the subsolar point in Case 7.
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and Scholer’s bursty single X-line reconnection model. In two-dimensional geometry, 
the basic topological differences between the two reconnection processes are illustrated 
in Figure 2.31. Figure 2.31 shows magnetic structures resulting from multiple X  line 
reconnections (left bulge in the figure) at two sites (marked by cross symbols) and single 
X-line bursty reconnection (right bulge in the figure). The left magnetic bulge in Figure 
2.31 is assumed to be caused by two X-line reconnections with a larger reconnection 
rate at the lower end o f the bulge. Suppose that for the left bulge in Figure 2.31, the 
magnetic reconnection rate at the lower reconnection site is much larger than that at 
the upper reconnection site. One would expect to see a thick layer o f  open magnetic 
flux surrounding a small island. When this difference o f  reconnection rates at two sites 
increases further, the magnetic island region will shrink further and become less iden­
tifiable. Therefore, bursty single X-line reconnection may be considered as an extreme 
case o f two-site multiple X-line reconnections in which the reconnection rate at one 
o f the reconnection sites approaches zero. In general, the magnetic structure result­
ing from multiple X  fine reconnections consists o f one (several) open flux layer(s) and 
one (several) magnetic island region(s) while that resulting from bursty single X-line 
reconnection consists o f an open flux layer only.
In three dimensions, the open flux layer in both reconnection models becomes a 
band o f open magnetic field lines o f finite longitudinal extent. These open field lines 
provide the coupling between the magnetosphere and the magnetosheath in a FTE 
event. In the presence o f  a B XJ component in the interplanetary magnetic field, the 
magnetic island in two-dimensional case will become a magnetic flux tube. As pointed 
out by Lee [1986], magnetic flux tubes may be connected at one end to the geomagnetic 
field, or at both ends, or even not at all. In addition, the ionospheric footprint o f the 
open flux band will also be in the form o f a band extending in the longitudinal direction
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Open Flux Layer Open Flux Layer
Lee-Fu type Multiple 
X Line Reconnections
Single X Line Bursty Reconnection
Figure 2.31 Schematic sketch of magnetic bulge structures resulting from the 
Lee-Fu type of multiple X-llne reconnection (left bulge) and bursty single X-llne 
reconnection (right bulge). The cross symbols represent reconnection sites or 
X line positions. Solid lines denote magnetic field lines and the shaded region 
In the left bulge represents a magnetic Island region.
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and that o f the flux tubes will be in the form o f a circular patch provided that at least 
one end o f the flux tube is connected to the geomagnetic field.
Hence, multiple X-line reconnection is a more general form of the impulsive recon­
nection process, which in essence has included the bursty single X-line reconnections 
as an extreme case. Almost all magnetic and plasma signatures resulting from bursty 
single X-line reconnection can be generated in multiple X-line reconnections, but not 
vice versa.
2.5. M ore on M ultiple X  Line Reconnections.
In sections 2.3, it was demonstrated that the multiple X-line reconnection as proposed 
by Lee and Fu [1985] is a possible type o f dayside recoimection process and, in addition, 
may dominate the dayside reconnection processes due to the small resistivity in space 
plasma and the long dayside magnetopause. The single X-line reconnection, on the 
other hand, if it ever occurs at the dayside magnetopause, may take the form o f bursty 
reconnection at the subsolar point as suggested by Southwood et al. [1988] and Scholer 
[1988a]. The latter assertion is supported by the observations too. Based on ISEE 
satellite data, Sonnerup et al. [1981] found that each o f the reported instances of 
steady reconnection at the magnetopause has FTEs associated with it, [Rijnbeek et 
al., 1984]. A  comparison o f these two reconnection models given in section 2.4 implies 
that multiple X-line reconnections should be considered as a more general form of 
dayside recomiections, including the bursty single X-line reconnection as an extreme 
case. Based on one simulation case o f multiple X-line reconnection (Case 4), we have 
explored in section 2.4 one o f the potential applications o f Lee-Fu type o f multiple 
X  line recomiections, namely, the interpretation o f flux transfer events (FTEs). As 
established in section 2.4, the Lee-Fu type o f multiple X-line reconnection (Case 4)
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can indeed provide a consistent and natural explanation for FTEs. In this section, 
following a discussion o f the 3-D effect on the multiple X-line reconnections, two other 
magnetospheric and ionospheric phenomena, the cusp region liydromagnetic waves and 
FTE footprints in ionosphere, will be discussed in relation to the Lee-Fu type multiple 
X-line reconnections.
2.5.1 Multiple X-line reconnections in three-dimensionality
In the two dimensional configurations, the Lee-Fu type o f dayside multiple X-line re­
connections are observed in the simulations, resulting in a chain o f poleward moving 
magnetic islands (cf. Case 4) as predicted in the original Lee-Fu model. However, the 
corresponding three-dimensional configuration o f these magnetic islands and related 
open field lines are not revealed in the simulations. The fundamental questions con­
cerning the 3-D multiple X-line reconnections at the dayside magnetopause are: (1) 
what determines the longitudinal extent o f the active reconnection region? (2 ) what is 
the reconnection geometry near the ends o f the magnetic flux tubes?
In the presence o f a finite y component in the interplanetary magnetic field, which 
is often the case, the 2-D magnetic islands would correspond to spiral magnetic flux 
tubes. At the dayside magnetopause, the length o f these magnetic flux tubes should 
be finite. To produce magnetic flux tubes o f  finite longitudinal extent, the multiple 
X-line reconnections have to occur in a region of limited longitudinal extent. In the 
original Lee and Fu’s multiple X-line reconnection model, the length o f the flux tubes 
are long, 4-10 R e - I f the length o f the flux tubes is reduced to ~ l - 3  R e , the process is 
called a patchy multiple X-line reconnection [Lee, 1986]. For the patchy multiple X-line 
reconnection process, La Belle-Hamer et al. [1988] have proposed a possible mechanism. 
They argued that Kelvin-Helmholtz (KH) instabilities at the dayside magnetopause can
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modulate the current sheet, creating separated pinched regions. Since the growth rate 
o f the tearing instability will be enhanced in these pinched current sheet regions and 
diminished in the regions separating them, patchy multiple X-line recomiections are 
expected to occur. On the other hand, the geometry o f the magnetopause surface 
itself and the solar wind flow may naturally modulate dayside recomiections on a large 
scale. In a recent local 3-D MHD simulation o f driven multiple X-line recomiections 
[Fit, Lee, and Shi, manuscript, 1989], the magnetic flux tubes caused by multiple X-line 
recomiections are observed to be formed first near the stagnation point. The magnetic 
flux tubes are short at this stage. Later, as the active reconnection regions along 
several X lilies begin to shift sideways, the length o f the magnetic flux tubes increases 
while the flux tubes are being convected outward at the same time. This result may 
apply to 3-D reconnection processes at the dayside magnetopause subsolar point which 
is the stagnation point for solar wind flows. Despite the above hypothesis on the 
processes which may be responsible for the fmiteness o f magnetic flux tubes resulting 
from multiple X  line reconnection, no conclusive evidence has been provided in either 
La Belle-Hamer et al.’s work or the 3-D simulation by Fu, Lee, and Shi [manuscript, 
1989]. First, the patchy mechanism proposed by La Belle-Hamer et al. [1988] remains 
to be tested in 3-D simulations (their original work was based only on 2-D simulations). 
Second, the significance o f the stagnation point flow in determining the length of the 
flux tube requires a systematic study.
Another aspect of the 3-D multiple X-line reconnection that is still not very clear 
is the reconnection geometry at the two ends o f the magnetic flux tube. As shown 
in Figure 2.15, in a 2-D situation, the formed magnetic island is clearly decoupled 
from both the interplanetary magnetic field (IM F) and the geomagnetic field. In a 3-D 
situation, the magnetic flux tube can also provide such coupling through connections to 
the IMF at one end o f the flux tube and to the geomagnetic field at the other. However,
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the reconnection topology at the ends o f the magnetic flux tubes may not be as simple 
as envisioned in theoretical models since most o f these assume that all magnetic field 
lines at the ends o f the flux tubes will be reconnected collectively either to the IMF 
or to the geomagnetic field. The 3-D simulation by Fu, Lee and SAt[manuscript, 1989] 
demonstrated that the reconnection topology at the ends o f magnetic flux tubes are 
highly complicated. Their simulation indicates that at the end o f the magnetic flux 
tube, the tube field fines will reconnect with field fines on both sides o f the current 
sheet in a chaotic way, forming the so-called “frayed” flux tubes. The effect o f the 
frayed flux tubes on the coupling o f the IMF and geomagnetic field is worth further 
investigation.
2.5.2 Cusp region hydromagnetic waves
Ground-based studies of the cusp region magnetic field variations in the ultralow fre­
quency (ULF) range (~  10_ 3-1 0 -1  Hz) have provided evidence that some o f the varia­
tions are associated with the proximity o f  the observing location to the cusp [e.g., Sam­
son et al., 1971; Troitskaya, 1984; Olson, 1986]. Olson [1986] examined ULF variations 
in data acquired at two polar cap stations (Cape Parry and Sachs Harbor, Northwest 
Territories, Canada). He reported that enhanced power occurred in the ULF band near 
local noon on almost every day, principally at frequencies near 1-10 and 30-50 mHz. 
He identified the 1- to 10- mHz band with fluctuations in the ionospheric currents asso­
ciated with the cusp boundary and its motions, whereas he attributed the power in the 
30- and 50- mHz band to direct penetration o f  hydromagnetic radiation from the cusp. 
The in-situ near-Earth observations by spacecraft also have reported the more or less 
continuous presence o f variations in the magnetic field in the ULF range in the cusp 
region [e.g., Frank, 1971; Heikkila and Winningham, 1971]. Glassmeier et al. [1984]
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performed a case study using simultaneous data from ISEE 1 and 2 near the dayside 
magnetopause, from GOES 2 and 3 satellites at synchronous altitude, and from a num­
ber o f ground-based stations. They concluded that FTEs are likely candidates for some 
Pc 5 range pulsations.
Motivated by the above observations, Lee et al. [1988] proposed a generation mech­
anism for some o f the cusp region hydromagnetic waves, especially the Pc 5 pulsations. 
They argued that the magnetic islands (or flux tubes) formed in multiple X-line recon­
nections will compress the adjacent geomagnetic field lines and, as a result, magnetic 
ripples are produced on these closed geomagnetic field fines. Along with the poleward- 
moving magnetic islands, the rippled magnetic fields will propagate toward the cusp 
region and eventually down to the ionosphere. If FTEs are due to multiple X-line re­
connection as suggested by Lee and Fu [1985], then the time scale o f these magnetic 
ripples can be determined from the FTEs. The observed duration o f a single FTE 
event is observed to about 2 minutes, with an interval between successive events of 
about 5-10 minutes. Therefore, the period o f  oscillations (ripples) on closed geomag­
netic field fines will be T  ~  2-10 min. The period corresponds to a frequency o f 2-8 
mHz, falling into the range o f Pc 5 pulsations. Therefore, they concluded that multiple 
X-line reconnection may be one o f the energy sources for the generation o f cusp region 
ultralow-frequency hydromagnetic waves. The above generation process can be illus­
trated in the present simulations. In Figure 2.15, which shows the evolution o f magnetic 
islands due to Lee-Fu type o f multiple X-line reconnection, the formation and subse­
quent poleward convection o f magnetic islands along the dayside magnetopause indeed 
generate propagating magnetic ripples on the outermost closed geomagnetic field lines.
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2.5.3 FTE footprints in the ionosphere
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As discussed above, the magnetic flux tubes formed in 3-D multiple X-line reconnections 
may exhibit highly complicated tube-end reconnection topology. However complicated 
the reconnection topology may be, those flux tube field lines connected with geomag­
netic field lines will provide coupling o f the magnetic flux tubes to the geomagnetic 
fields and subsequently to the ionosphere. It is predicated in the multiple X-line re­
connection model that field-aligned current, Jy, is generated by the spiral magnetic 
field structure in the flux tubes and that if  the magnetic flux tubes are connected to 
the geomagnetic field, the transverse magnetic field o f the flux tube will propagate as 
Alfven waves away from the magnetopause towards the ionosphere. Along with the 
Alfven waves, Jy will also propagate down into the ionosphere. The injection o f Jy into 
the ionosphere can produce one large vortex in the ionosphere [Lee, 1986]. The highly 
localized Jy in the ionosphere would induce an impulse in the vertical component o f 
the magnetic field. Such an impulse in the vertical component o f the ground magnetic 
field has been observed by Lanzerotti et al. [1986].
2.6. Summary and Discussion
This chapter presented studies o f the magnetic reconnections at the dayside mag­
netopause by a 2-D global incompressible MHD simulation. By including the global 
geometry o f  the geomagnetic dipole field and that o f solar wind flow and the interplan­
etary magnetic field, the simulation presented in this chapter successfully reproduces 
the impulsive multiple X-line reconnection process [Lee and Fu, 1985] on a global scale 
at the dayside magnetopause. In addition to the Lee-Fu type multiple X-line reconnec­
tions, other dayside reconnection processes predicted by theories or observed in experi­
ment are also simulated, notably, the quasi-steady state single X-line reconnection, the
i '
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bursty single X-line reconnection, and the high-latitude multiple X-line reconnection. 
In particular, the magnetic and plasma signatures produced by Lee-Fu type multiple 
X-line reconnections in the simulation are applied to explain the observed flux transfer 
events (FTEs) at the dayside magnetopause. Major results obtained in this chapter are 
summarized below:
1. Magnetic reconnection at the earth’s dayside magnetopause is found to be 
characterized by its diversity o f reconnection patterns. In the single X-line reconnection 
category, the quasi-steady state subsolar point reconnection suggested first by Dungey 
[1961] and bursty recomiections proposed by Southwood et al. [1988] and Scholer [1988a] 
are shown to be two possible dayside reconnection processes; in the multiple X-line 
reconnection category, Lee-Fu type reconnection and high-latitude recomiection are 
seen; other reconnection patterns which are still not described in the available theories 
are also observed.
2. On the basis o f the simulation cases in section 2.3.1, it is suggested that the 
transition o f recomiection patterns from the quasi-steady state single X line type to 
the multiple X-line type is determined by the magnetic Reynolds number at the day­
side magnetopause. In the simulation, quasi-steady state single X-line reconnection is 
observed to occur only for small magnetic Reynolds numbers (<  100 in the simula­
tion), while multiple X-line reconnection occurs when the magnetic Reynolds number 
is large (>  200 in the simulation). The occurrence o f  multiple X  line reconnections 
is speculated to be caused by the unstable tearing m ode or local fluctuations due to 
the nonuniform solar pressure and IMF stresses. In either case, the existence o f a long 
magnetopause current sheet caused by a large magnetic Reynolds number is a necessary 
condition. Since the observed magnetopause is long, it is suggested that multiple X-line 
recoimection may dominate the dayside reconnection processes.
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3. For the Dungey type single X-line reconnection at the subsolar point, Case 1 in 
subsection 2.3.1 implies that a global steady state may not exist due to the constant 
erosion o f the magnetopause. The erosion o f the magnetopause has been observed by 
satellites. However, it is possible to define a local quasi-steady state o f reconnection 
near the subsolar point in the frame o f a moving subsolar point.
4. In the multiple X-line recomiection category, the current-dependent anomalous 
resistivity and the solar wind Alfven Mach number are found to be two additional 
parameters capable o f modifying the reconnection patterns.
In the absence o f  the current-dependent resistivity (or in case o f constant resis­
tivity), dayside reconnection occurs always at two points on each side o f the subsolar 
point, forming a stagnant magnetic island. However, various reconnection patterns may 
appear, if the current-dependent resistivity is added. In that case, reconnection tends 
to occur wherever the current density in the magnetopause current layer exceeds the 
critical current density, Jc, for the enhancement o f the current-dependent resistivity 
(see (2.5)). Hence, the critical current density, Jc, is the most important parameter 
in current-dependent resistivity. W ith a Jc o f the order o f  the average current density 
in a tangential magnetopause (Case 3 in subsection 2.3.2), local fluctuations in the 
magnetopause current layer lead to formation o f several magnetic islands. In this case, 
the tearing mode instability may be important in regulating the reconnection pattern. 
On the other hand, with a Jc much larger than the average current density in the 
magnetopause, reconnection will occur where the magnetopause current sheet is most 
pinched by the solar wind (for example, at high latitude in Case 6 ). In this case, the 
recomiection pattern may depend largely on the solar-wind dynamic pressure and IMF 
stresses.
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One example o f  the effect of the current-dependent anomalous resistivity, the Lee- 
Fu type o f multiple X-line reconnection, was simulated in subsection 2.3.2. The Lee- 
Fu type reconnection is characterized by the formation and convection o f small-scale 
magnetic islands (o f spatial scale o f ~  2R e )  along the dayside magnetopause. One 
interesting feature found in the Lee-Fu type o f reconnection is the bipolar structure of 
the dawn-dusk component o f  the electric fields.
In subsection 2.3.3, the effect o f the solar wind Alfven Mach number was explored. 
It is found that when the solar wind Alfven number is large, the dayside reconnections 
tend to occur at higher latitude. This dependence o f the reconnection types on the 
solar wind Alfven Mach number is qualitatively consistent with laboratory experiments 
[Podgorny et al., 1978].
5. For the Lee-Fu type o f  dayside reconnections, a comparison is made in subsection
2.4.2 between the magnetic and plasma signatures produced by the reconnection process 
and that o f the observed FTEs. As predicted in the original Lee-Fu’s FTE model, it is 
observed in the simulation that Lee-Fu type multiple X-line reconnections can indeed 
produce the primary FTE identifying signature, i.e., the bipolar B n  signature, and 
the associated enhanced plasma flow speed. Consistent with the observations o f the 
internal flow structure o f FTEs, the enhanced plasma flow speed is also found to be 
concentrated or peaking in the trailing end o f each bipolar B n  impulse (FTEs).
Another F TE  model, the bursty single X-line reconnection, is also simulated in 
subsection 2.4.3 and compared with Lee-Fu’s model. It is suggested in section 2.4.4 
that the bursty single X-line reconnection may represent an extreme case o f the Lee-Fu 
type reconnection process.
The final remarks in this section concern the limitations and applicability o f the 
simulation results obtained in this chapter. Because o f limited computer memory and
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computing time, the simulation model used in this chapter is subject, as are most globed 
simulations, to various degrees o f simplifications.
First, the simulation is a two-dimensional one. Three-dimensionality may modify 
the dependence o f  the dayside reconnection patterns on the parameters studied in this 
chapter. On the global scale (~  IO Fe), the interplanetary magnetic fields (IMF) may 
slip around the magnetopause surface and move tailward in the real 3-D magnetosphere, 
leading to a lesser degree o f  magnetic flux pile-up in front o f the dayside magnetopause. 
On the small scale (o f the order o f  1 R e ), the magnetic islands resulting from 2 ­
D multiple X-line reconnection becomes magnetic flux tubes in a 3-D situation. As 
discussed in section 2.5, the 3-D counterpart o f magnetic islands, magnetic flux tubes, 
will introduce new topological and dynamic problems.
Second, the simulation is an incompressible MHD simulation. Two o f the conse­
quences o f the incompressible simplification are the absence o f  the bow shock in front 
o f the dayside magnetopause and the lack o f plasma density asymmetry at the dayside 
magnetopause. In the reality, the plasma density on the magnetosheath side o f the 
magnetopause is much higher than that on the magnetospheric side. As will be demon­
strated in Chapter 3, the plasma density asymmetry at the magnetopause may have 
direct impact on the dayside recomiection layer structure. On the other hand, the IMF 
flux pile-up region in front o f  the magnetopause present in each simulation case may be 
considered as corresponding to the magnetosheath region behind the bow shock. It is 
anticipated that apart from the possibility of the fine layer structures o f the dayside re­
connection being modified by the plasma density asymmetry, the compressibility effect 
on the overall recomiection patterns should be small [Lee and Fu, 1986a; Lee and Fu, 
19866]. Hence, the present incompressible approach can still provide useful information 
regarding the dayside magnetic reconnections.
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Third, though the spatial resolution in the present simulation near the dayside 
magnetopause is the highest (0.075/Zb) among all reported global simulations, the 
grid size at the magnetopause may still be large compared to the thickness o f the 
observed magnetopause current layer, which is about 300 km -1 0 0 0  km (~  0.05Re ~ 
0.15/Zb) [Berchem and Russell, 1982]. As a result, the thickness o f the magnetopause 
current layer formed in the present simulation is larger them the observed thickness (for 
example, it is ~  0.512 s  hi Case 4 at t =  26fyt). For an improved spatial resolution, the 
thickness o f the magnetopause current layer can be further reduced in the simulation. 
This would in effect increase the length o f the magnetopause current layer. A  longer 
current sheet will make the dayside magnetopause more susceptible to the multiple 
X-line type o f reconnections. Hence, the spatial resolution used at the dayside magne­
topause in this simulation should not affect the statement made above that the dayside 
reconnection may favor the multiple X-line type.
Finally, the coupling o f the dayside reconnections to the ionosphere and magneto­
tail is not included in the simulation. The ionospheric boundary in the simulation is 
represented by a simple numerical boundary at a radius o f 2.5Re , which is designed 
to absorb all the incoming waves in that region. On the nightside, a low-resolution 
grid mesh is used. In reality, the ionosphere and processes in the magnetotail may also 
influence the dayside reconnection.
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Chapter 3. Structure of the Reconnection Layer at the Dayside 
Magnetopause
3.1 Introduction
In the framework o f magnetohydrodynamic formulation, a number o f theoretical mod­
els have been proposed to describe the magnetic reconnection processes. The earliest 
Sweet-Parker [Sweet, 1958; Parker, 1957, 1963] model describes a magnetic field anni­
hilation process in which there is a small inflow o f plasma towards a current layer sepa­
rating two regions o f antiparallel magnetic fields. The magnetic field recomiection rate 
in Sweet-Parker model is mainly determined by the resistivity. Since in space plasma 
the resistivity is usually very small, the recomiection rate in the Sweet-Parker model 
turns out to be too small to account for any significant energy conversion. Petschek 
[1964] suggested a new reconnection model in which the recomiection region consists 
o f a small diffusion region o f Sweet-Parker type and two pairs o f slow shocks attached 
to the diffusion region. In Petschek’s model, a large reconnection rate is achieved due 
to the acceleration o f incoming plasma by slow shocks, an efficient way o f converting 
magnetic field energy to plasma thermal and flow energy.
The important contribution o f Petschek is the idea that the diffusion region, where 
magnetic recomiection actually occurs, is only a small region o f the entire recomiec­
tion configuration and the large part o f energy conversion takes place in the so-called 
convection region or the reconnection layer. In Petschek’s picture, the configuration o f
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magnetic reconnection consists o f  two inflow regions, two outflow regions, and a diflusion 
region. The outflow region has been variously referred to  as “boundary layer” [Petschek, 
1964], “field reversal region” [ Vasyliunas, 1975], and “reconnection layer” [Heyn et al., 
1988]. Here we will adopt the terminology o f Heyn et al. [1988]. Figure 3.1 illustrates 
schematically the configuration o f  magnetic reconnection based on Petschek’s model. In 
Petschek’s model, the reconnection layer is bounded by two pairs o f slow shocks. The 
subsequent dayside reconnection models have mostly originated from Petschek’s idea, 
namely, a large outflow region and a small diffusion region. However, Petschek’s model 
only applies in a symmetric case with identical plasma and magnetic field configura­
tions on the two sides o f the current layer. At the earth’s dayside magnetopause, the 
plasma and magnetic configurations on the magnetosheath and magnetospheric sides 
are highly asymmetric. Hence, in most o f  the following dayside reconnection models, 
Petschek’s recoimection layer has been further modified to incorporate the asymmetry 
at the dayside magnetopause.
Levy et al. [1964] were the first to propose a qualitative reconnection model for 
the asymmetric flow and field conditions at the earth’s dayside magnetopause. They 
considered the extreme case in which the plasma density on the magnetospheric side 
is exactly zero. In their model, the pair o f slow shocks bounding the reconnection 
layer in Petschek’s m odel is replaced by an intermediate wave (rotational discontinuity; 
large amplitude Alfven wave) and a narrow slow expansion fan. The intermediate 
wave, wliicli marks the magnetopause, accomplishes the magnetic field direction reversal 
and an associated plasma acceleration parallel to the magnetopause. The magnetic 
field magnitude remains unchanged across this wave but it then increases to its higher 
magnetospheric value in the slow expansion fan across which the plasma pressure also 
is reduced to match the low pressure in the magnetosphere. Levy et al.’ s [1964] model 
was later further elaborated by Yang and Sonnerup [1977] as shown in Figure 3.2. Note,
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Reconnection layer
Figure 3.1 The configuration of magnetic reconnection in the Petschek model. 
The plasma Inflow regions are to the left and right of the figure. They enclose 
a small central diffusion region above and below which are the two outflow 
regions or the reconnection layer.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
in Figure 3.2, that an expansion wave is assumed in the magnetosheath to bend the 
magnetosheath field lines. In reality, this expansion wave may not exist and the bending 
o f  magnetic field lines in the magnetosheath proceeds in a much smoother way as they 
approach the magnetopause.
In a recent theoretical paper, Heyn et al. [1988] have extended the analysis o f 
Petschek [1964] so that the Petschek model can now in principle be used to predict 
the structure o f the reconnection layer for the general case o f  unequal plasma densi­
ties, arbitrary magnetic fields and plasma velocities. They formulated the reconnection 
process in terms o f a Riemann problem, i.e., an initial value problem using the ideal 
MHD equations. As an initial condition, they took two constant states separated by 
a tangential discontinuity. Following the introduction o f a localized tangential elec­
tric field, or switch-on o f reconnection, the accompanying perpendicular field and flow 
components propagate along the initial tangential discontinuity which then evolves into 
several MHD wave modes. The recomiection layer in their model is in general bounded 
by two rotational discontinuities, and, inside the reconnection layer, slow shocks or 
slow expansion fans are needed to form a match between the different magnetic field 
strengths on the two sides. Using realistic values for the plasma and magnetic field 
quantities appropriate to Earth’s dayside magnetopause, Biem at et al. [1988] have ap­
plied Heyn et al.’s analysis to the dayside magnetopause. They found that in general, 
the reconnection layer structure is intermediate to those analysed by Petschek [1964] 
and Levy et al. [1964], who assumed complete symmetry (equal number densities and 
field strengths) and asymmetry (zero magnetospheric number density), respectively.
By using ISEE and AM FTE satellite data, some authors [Paschmann et al., 1979; 
Sonnerup et al., 1981; Gosling et al., 1982; Paschmann et al., 1986] have shown evidence 
for the occurrence o f the large-amplitude Alfven waves (rotational discontinuities), as 
predicted in Levy et al.’s model, at the earth’s magnetopause. Their most important
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Oz
Figure 3.2 Levy et al.'s [1964] dayside reconnection model. Upper half of 
compressible slow-mode model of magnetopause reconnection for M ai — 
0.2 and fl\ =  2p»pi / B\ =  2. The intermediate wave (IW) marking the 
magnetopause Is shown as a dashed line. The slow mode expansion fan 
(SEF) Is shaded (Yang and Sonnerup [1977]).
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criterion for identifying reconnection was the detection o f accelerated plasma flows near 
the magnetopause. More recently, Rijnbeek et al. [1988] re-examined the ISEE data 
from a magnetopause crossing on 8 September 1978 previously interpreted as an example 
o f  magnetic reconnection. They found from the data strong evidence for a combination 
o f  slow shocks and Alfven waves. They concluded that the concept o f reconnection 
layer proposed by Petschek [1964] provides a useful framework for interpreting satellite 
data. However, due to the insufficient observational data, the dayside reconnection 
configuration remains unclear. On the other hand, in the earth’s magnetotail where 
the plasma mid magnetic field configurations are more or less symmetric, the existence 
o f standing slow shocks in Petschek’s model was confirmed by Feldmann et al. [1984, 
1987] using ISEE 3 satellite data.
This chapter presents studies o f the structure o f the reconnection layer under differ­
ent symmetry conditions through numerical simulations using a two-dimensional mag- 
netohydrodynamic code. Specifically, the study systematically considered how the re­
connection layer structure varies with the degree o f asymmetry in magnetic fields mid 
plasma densities on the two sides o f a plane current sheet. The results will be applied 
to the dayside magnetopause.
The simulation model is described in section 3.2 and the simulation cases are pre­
sented mid discussed in section 3.3. Based on the simulation results, the possible dayside 
reconnection layer structures are discussed in section 3.4. Subsection 3.5 contains the 
summary o f  this chapter.
3.2 Simulation M odel
3.2.1 Basic equations
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A  two-dimensional compressible magnetohydrodynamic (MHD) simulation was
carried out to study the recomiection layer structures in an asymmetric configuration
characteristic o f the dayside magnetopause. The basic equations are the set o f  one-fluid 
MHD equations:
f  =  - V ( p v )  (3.1)
5 f c )  =  - V . | „ w  +  ( p + | i ) / - J - B B ]  (3.2)
^  =  V x ( v x B ) - V x ( 77j )  (3.3)
|  =  - V . s  (3.4)
with
j  =  — V  x B  (3.5)
Mo
S =  (e +  p +  B 2/2mo)v -  (B  • v ) B /p0 +  qj X B / mo (3.6)
e =  pv2/2  +  B 2 / 2 fi0 +  p/{7  -  1) (3.7)
where p is the plasma mass density, v  is the velocity, p  is the gas pressure, B  is the
magnetic field, j  is the electrical current density, tj is the electrical resistivity, 7  is the
adiabatic constant chosen to be 7  =  5 /3 , Mo is the magnetic permeability in free space, 
and J is a unit tensor.
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3.2.2 Initial Conditions
The present simulation is a local one which simulates the magnetic reconnection in a 
slab current sheet, which is a plane perpendicular to the a:-axis and centered at x =  x n. 
The initial magnetic fields on both sides o f the current sheet are strictly antiparallel and 
contain only the z component. In the dayside magnetopause situation, the a:-axis and 
z-axis in the simulation are in the sunward direction and in the northward direction,
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respectively. In such an initial current sheet configuration, each physical quantity varies 
in the a:-direction. Specifically, the initial magnetic field configuration is given by
1 1 (3-8)
where Bw  and B 20 are the magnetic field strengths on Side 1 and Side 2 o f the current 
sheet, respectively, and a is the half-thickness o f the current sheet. The initial plasma 
density is given by
P(x ) =  ^(Pio +  P2 0 ) +  ^(P20 ~  Piu) tanh[(sc -  E0 )/a ] (3.9)
where pi0 and p2o are the plasma densities on Side 1 and Side 2 o f  the current sheet, 
respectively. Note that in the asymmetric cases o f  the subsequent simulations, Side 1 
denotes the magnetospheric side and Side 2 the magnetosheath side. Hence, Bio and 
p2() are always greater than or equal to B 2o and pi0, respectively, since the magnetic 
field strength on the magnetosheath side o f the magnetopause current layer is usually 
smaller than that on the magnetospheric side while the opposite is true for the plasma 
density.
The initial configuration is set in a pressure equilibrium which requires that the 
total pressure, the magnetic pressure plus gas pressure, is constant throughout the 
simulation domain. If we now define fa  and /32 to be the ratios o f gas pressure to 
magnetic pressure on Side 1 and Side 2, respectively, the initial condition o f pressure 
balance can be expressed as
<310>
where and B j(,/2/X(, are magnetic pressures on Side 1 and Side 2. Hence, the
initial pressure profile is determined by (3.8) and (3.10)
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Figure 3.3 illustrates schematically the initial profiles o f z component o f magnetic 
field B , ,  y component o f the current density Jy , plasma density p, and gas pressure p.
In addition, only the spontaneous magnetic recomiection processes were simulated 
for this chapter and, therefore, the initial plasma velocity was set to zero everywhere 
in the simulation box.
3.2.3 Numerical procedures
The simulation domain is a rectangular box in the x -z  plane, extending in the x direction 
from -10a to 10a and from 0 to -40a in the z direction. In all simulation cases, magnetic 
reconnection will be triggered at the (x , z ) =  (* c, 0 ) point, where a; =  xr is the position 
at which the initial B z(x ) is zero. Note that in the asymmetric case, x c is different from 
xo in (3.8). In the case o f the dayside magnetopause, the simulation domain is in the 
southern hemisphere with the subsolar point o f the dayside magnetopause located at 
the recoimection point, or X  point. Therefore, the system is assumed to be symmetric 
about the simulation bomidary at z =  0. For the whole simulation domain, 101 X 72 
grid points are used and the grid mesh is uniform. The resolution is then A x  =  0.2a in 
x and A z — 0.56a in z.
Since only spontaneous magnetic reconnection processes will be simulated, the 
simulation boundaries at x =  -1 0 a , 10a, and z =  40a are assumed to be “ free” on 
which the derivative o f each physical quantity with respect to the bomidary normal 
direction is set to zero. The bomidary at z — 0, as mentioned above, is a symmetric
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Figure 3.3 Schematic illustration of the initial profiles of Bz, Jv, p, and p in 
the simulation. The thickness of the initial current sheet centered at x =  x„
is 2a.
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one on which the following symmetric (or antisymmetric) conditions are imposed
B z{x , z )  =  Bz(x , — z),
B x(x ,z )  =  - B x ( x , - z ) ,
where vx and vz are the x and z components o f the plasma velocity and p is the gas 
pressure.
In the simulation, the three basic quantities used for normalization are the initial 
magnetic field strength B 20 and initial plasma density p2o on Side 2 o f the initial current 
sheet and the initial current sheet half-thickness a (note that in the asymmetric case, 
Side 2 is the magnetosheath side). Normalization units o f  all the physical quantities sure 
expressed as a function o f these three basic quantities. Table 3.1 lists the normalization 
units for each physical quantity.
p (x ,z ) =  p { x , - z ) ,
(3.11)
vx{x ,z )  =  vx(x , — z), 
vz(x ,z )  =  - v z( x , - z ) ,  
p ( x , z ) = p { x , - z ) ,
TABLE 3.1 Normalization Units o f  the Simulation
physical quantity normalization unit
magnetic field 
plasma density
Bo =  B 20
Po =  P20
velocity
pressure Po  =  B l 0/ p o
length
current density
a
Jo =  B  2 0 /P o a  
rjo = PoaVAO 
tA =  o/Vao
resistivity
time
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Note that in Table 3.1, the normalization unit for velocity Vao is the Alfven velocity on 
Side 2, the magnetosheath side in the asymmetric cases, o f the current sheet and the 
normalization unit for time is the Alfven transit time based on a and Vao •
Finally, the finite differencing method used for equations (3 .1)-(3 .4) is the two- 
step Lax-W endroff scheme with a third-order artificial diffusion term [Lapidius, 1967],
A  detailed description o f the numerical scheme is presented in the Appendix.
3.2.4 Initialization o f reconnection
In MHD simulations o f magnetic reconnection initialized from a plane model o f current 
sheet configuration (like the one used here), two different methods have been used. The 
first method is the driven experiment [e.g., Hayashi and Sato, 1978; Biskamp, 1986; 
Lee and Fu, 1986a]. In the driven experiments, the plasmas and magnetic fields on 
the two sides o f the current sheet plane are pushed towards the current sheet region to 
initiate the magnetic reconnection. For this reason, the magnetic reconnection achieved 
in this way has been termed “ driven reconnection” . In the second method, the magnetic 
reconnection is triggered by a local resistivity enhancement (anomalous resistivity effect) 
at the center o f the current sheet. The magnetic reconnection achieved by this method 
is sometimes called “spontaneous reconnection” [e.g., Ugai and Tsuda, 1977; Ugai, 
1983, 1984; Scholer, 1989]. In the present simulation, the magnetic reconnection will 
be initiated by the latter method, namely, an assumed local resistivity enhancement.
In particular, the resistivity used in the present simulation is assumed as
rj =  Vae ^ x- x^ 2^ ' e - z2/z> {l -  e " * ^ )  +  gb, (3.12)
A  resistivity enhancement model similar to the one in (3.12) has been used by Scholer
[1989]. The first term on the right-hand side o f  (3.12) is the local time-dependent
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resistivity which increases from zero at t — 0 to a maximum of r]a over a time period 
o f about r  within a local region centered at (x , z ) — (x r ,0) (recall x c is the location in 
the initial current sheet where B z is zero). The spatial scale o f the local region for the 
resistivity enhancement is about xi in the x direction and z; in the z direction. The 
second term on the right-hand side o f (3.12) is a small constant background resistivity.
In the simulation, the following parameters are chosen for the resistivity model: T]a =  
O.I770, T]b =  O.OOlqo, xi =  2a, zi — 3a and r  =  lOt^- *c is determined in individual 
cases depending on * 0 , Bio and Bzo-
3.3 Reconnection Layer Structures: Simulation Results
The simulation cases presented in this section will demonstrate that the reconnection 
layer structure in a 2-D configuration varies significantly depending on the degree o f 
asymmetry between the two sides o f the current sheet plane. For a symmetric current 
sheet configuration, a pair o f  slow shocks are observed in the simulation as predicted 
by Petschek [1964]. However, in an asymmetric configuration typical o f  the dayside 
magnetopause, the pair o f  slow shocks observed in the symmetric case is replaced by an 
intermediate shock on the magnetosheath side and a weak slow shock (barely identifiable 
in some cases) on the magnetospheric side. The number and features o f  the MHD 
discontinuities in the reconnection layer are found to be related directly to the degree 
o f  asymmetry in the plasma densities and magnetic field on the two sides o f  the current 
sheet. In addition, the plasma 0  value, the ratio o f gas pressure to magnetic pressure, is 
found to be another parameter that can modify the strength o f the MHD shocks. With 
increasing j3, the shock structures in the recomiection layer tend to become weaker.
The intermediate shocks were earlier classified as extraneous solutions o f  the Rankine- 
Hugoniot equations [e.g., Jeffrey and Taniuti, 1964; Kantrowitz and Petschek, 1966].
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However, the recent numerical results from Wu [1987, 1988a, 19886] based on resistive 
MHD equations show that a nonlinear plane transverse MHD wave can steepen to form 
an intermediate shock which appears stable and that, in the interaction between a non- 
coplanar rotational discontinuity and an intermediate shock, a long time may elapse be­
fore the disintegration predicted by Kantrowitz and Petschek [1966] takes place. Based 
on these results, Wu has proposed that intermediate shocks may be present in many 
space plasma situations in the solar wind or at the earth’s dayside magnetopause dining 
reconnection events. The structure o f  resistive MHD intermediate shocks has also been 
examined recently by Hau and Sonnerup [1988].
Seven simulation cases will be presented in this section. Table 3.2 lists the pa­
rameters used in each simulation case and the major features o f the reconnection layer 
revealed.
1.45
TABLE 3.2 Simulation cases and parameters used
case layer structure Bio/B2o Pio/ P20 Pi 02
Case 1 SS & SS 1 1 0.1 0.1
Case 2 1 1 5 5
Case 3 SS(IS) & SS 1.5 1 0.1 1.5
Case 4 SS & SS 1 0.5 0.1 0.1
Case 5 IS & SS 1 0.1 0.1 0.1
Case 6 IS & SS 1.5 0.1 0.1 1.5
Case 7 3 0.1 0.1 9
The second column in Table 3.2 gives the discontinuities bounding the reconnection 
layer observed in the corresponding cases, where SS and IS denote slow shock and 
intermediate shock, respectively.
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3.3-1 Symmetric magnetic reconnections
Two symmetric cases, Case 1 and Case 2, are simulated with largely distinctive /3 values. 
In both Case 1 and Case 2, the initial plasma densities and magnetic fields are set to 
be equal on the two sides o f the current sheet. The purposes o f Case 1 and Case 2 are, 
first, to show the pair o f slow shock structures in the reconnection layer as predicted 
in the classical symmetric reconnection model, and, second, to study the effect o f  f3 on 
the MHD discontinuity structure.
Case 1: small /3 case
In Case 1, 0  =  0.1 is used. Figure 3.4 shows the evolution o f the magnetic field, plasma 
velocity field, and current sheets at two different times t =  37t^ (Figure 3.4a) and 
t =  631a (Figure 3.46). Figure 3.5 shows the corresponding 3-D profiles o f current 
density Jy at t =  311a and t =  63tA - At t =  37tA, a small magnetic bulge is formed in 
the current sheet as a result o f magnetic reconnection at (x , z) — (0 ,0 ). Associated with 
the magnetic bulge, the current bifurcates into two distinctive sheets that correspond to 
two MHD discontinuities. Within the magnetic bulge region, plasmas are accelerated 
in the negative z direction. At t — 63tA, the size o f  the bulge has grown in both x 
and z directions. The formation o f  a magnetic bulge due to the sudden enhancement 
o f  the local reconnection rate at a single X  point and the associated slow shocks have 
been predicted and studied analytically by Biernat et al. [1987]. In their calculation, 
the magnetic bulge that formed will propagate with the upstream Alfven speed along 
the current sheet away from the recoimection site after reconnection is switched off. In 
Case 1, a comparison between the magnetic field configuration at t =  37tA and t =  63tA 
shows that the bulge is also propagating in the negative z direction. Again associated 
with the magnetic bulge at t =  63tA are two current sheets. Across these two current
146
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sheets, the magnetic field lines (approximately in the z >  -2 4 a  region) Eire bent sharply 
towards the x  direction, which is characteristic o f slow shocks. At the same time, the 
converging plasma flows towards the recomiection layer from both sides are turned 
sharply towards the negative z direction immediately downstream of the current sheets 
(in approximately the z >  -2 4 a  region). This flow pattern is also consistent with 
Petschek’s model in which the plasmas from upstream of the recomiection layer are 
accelerated by the slow shocks.
In the following, the magnetic and plasma configurations at t =  63tA will be 
used to show that the features o f the pair o f MHD discontinuities which are located 
approximately in the region above z >  -2 4 a and are associated with the pair of current 
sheets are consistent with those o f  slow shocks. Figures 3.6a and b show the profiles o f  
the simulation quantities across the reconnection layer at t =  GZtA along two straight 
diagnostic lines at z — - 2 4 a and z — - 1 2 a, respectively. The position o f each MHD 
discontinuity identified hi Figure 3.6 is marked by a vertical dashed fine.
In Figure 3.6a, two MHD discontinuities are fomid to be associated with the two 
peaks o f  current density Jy located at x ~  ±2a . In Figure 3.6, these two MHD dis­
continuities are indicated by the two vertical dashed lines labelled with the letters SS. 
It is seen clearly that across these two current sheets from upstream o f the recomiec­
tion layer, both the magnitude o f B z and magnetic field strength |5| decrease sharply 
while the plasma density and pressure increase greatly, indicating the existence o f two 
MHD discontinuities. The x component o f the plasma velocity vx converges towards the 
recomiection layer (wx is positive for x <  0 and negative for x > 0), excluding the possi­
bilities o f  expansion waves or tangential discontinuities. In the reconnection layer vx is 
exactly zero. These features are consistent with the properties o f slow shocks. Across 
these two MHD discontinuities, the magnitude o f  vz increases to ~  0.7V^o, where Vao 
is the upstream Alfven speed.
147
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Figure 3.4 Configurations of magnetic field, plasma flow patterns, and current 
sheet structures at (a) t =  37f a and (b) t — 6 3 In Case 1. Left panels 
plot contours of magnetic vector potential, or magnetic Held lines; middle panels 
plot the plasma velocity vectors, the length of which are proportional to the 
magnitude of the velocity; right panels plot the contours of the y-component of 
current density Jy.
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Figure 3.5 Corresponding 3-D profiles of current density Jy in Figure 3.4.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
v./
Va
o 
vz
/V
m
150
t = 63^  * = _24 a
I i ! '
i I 1 !
10.0 5.0 0.0 - 5 .0  -  10.0
x/ a
Figure 3.6 a Profiles of the simulation quantities across the reconnection layer 
at z =  -2 4 a and t =  63 f^  In Case 1. The approximate positions of the 
identified discontinuities are marked by vertical dashed lines in the figure, where 
SS denotes the slow shock and C denotes the contact discontinuity.
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Figure 3.6 b Profiles of the simulation quantities across the reconnection layer 
at z =  -1 2 a  and t =  63tA In Case 1. The approximate positions of the 
identified discontinuities are marked by vertical dashed lines In the figure, where 
SS denotes the slow shock and C denotes the contact discontinuity.
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The profiles o f magnetic and plasma quantities at z =  —12a, as shown in Figure 
3.66, are similar to those at 2 =  -2 4 a  (shown in Figure 3.6a), except that the separation 
between the two MHD discontinuities is narrowed.
Note that, as can be seen in Figure 3.6 and later in Figure 3.14, ripples in simulation 
quantities appear near the two edges o f the reconnection layer in the upstream region. 
These ripples are small numerical fluctuations, not physical waves. Since the amplitudes 
o f  these ripples remain small during the whole simulation time, the simulation results 
should not be affected.
Another common feature revealed in both Figures 3.6a and 6 is the appearance 
o f a plasma density minimum at the center o f the reconnection layer (at x =  0). The 
plasma densities are seen, first, to increase across the outer pair o f  slow shocks and, 
then, to decrease quickly again near the center o f  the recomiection layer, reaching a local 
minimum at x =  0. Corresponding to this decrease in plasma density, the gas pressure 
p, the magnetic field B, and vz change only slightly, while vx remains nearly zero and 
B x is nonzero in the whole recomiection layer region. These features are suggestive o f 
the existence o f two contact discontinuities between which the plasma density drops. 
In Figure 3.6 these two MHD discontinuities are marked by two dashed vertical hues 
labelled with the letter C.
A  comparison o f  the current sheet structure at t =  37f^ and t =  63tA implies that 
the two identified slow shocks bounding the reconnection layer are propagating into 
the upstream region o f  the reconnection layer; as a result, the layer width expands. 
However, an accurate propagating speed normal to the discontinuity is difficult to cal­
culate in the simulation. As a rough estimation, the half-distance La between the two 
discontinuities was divided by the simulation time to obtain the approximate normal 
speed averaged over this period. For example, the half-distance between the two dis­
continuities at t =  63t^ and z =  -2 4 a  is about ~  2a. Hence, the average normal
152
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speed o f discontinuities at z — — 24a is about Vd ~  2a/63£A =  0.03F.ao- With tliis 
Vd, the upstream plasma flow speed t/|a normal to the discontinuity in the frame o f the 
discontinuity can be estimated, where subscripts n and 1 in v'nl denote the normal com­
ponent and upstream value, respectively. At t — 63tA and z =  —24a, is estimated 
to be about 0.26F^o (measured from plasma data in Figure 3.6a). In obtaining v'n l, the 
inclination angle <f> between the discontinuity and negative z direction is taken to be 
<j> ~  10° (measured on the Jy contour plot as the inclination angle o f the corresponding 
current sheet with respect to the negative z-axis). On the other hand, the phase speed 
Vsi o f  a slow mode wave propagating in the normal direction o f the discontinuity is 
given by
Vi = + el -  KKJ + c\? -  ivy, cos’  «)'/'} (3.13)
where Va is the Alfven speed defined by Va =  B / y/fidp, c , is the sound speed defined 
by c„ =  y/ip/p, and 6 is the angle between the magnetic field and the normal o f  the 
discontinuity. In our estimation, the angle 6 is obtained by 9 =  90° -  (a  — <f>), where a 
is the angle between magnetic field lines at the discontinuity and negative z axis and is 
calculated by the relation a  =  | tan_ 1( 5 x/ 5 2)|. At t =  63tA and z — —24a, since 6 is 
measured to be less than 5°, V„i upstream o f the discontinuities is determined by (3.13) 
as V„i <  O.O8V40 which is much less than .
Case 2: large (3 case
In Case 2, all the parameters are the same as in Case 1, except that a large f3 value is 
used: /?i =  /32 =  5. Figure 3.7 shows the profiles o f magnetic field, plasma velocity, and 
current density at two different times for Case 2 . Figure 3.8 gives the corresponding 3-D 
profiles o f current density Jy in the x-z  plane. From Figure 3.7, it is seen that the general 
patterns o f  magnetic reconnection in Case 2 and Case 1 are similar. As in Case 1, the
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magnetic bulge formed grows and at the same time propagates outward in the negative z 
direction. An enhanced plasma speed region is seen to be associated with the magnetic 
bulge which is bounded by the two bifurcated current sheets. However, the sharp 
MHD discontinuities hi Case 1 are absent hi Case 2. Across the whole recomiection 
layer, magnetic field fines bend and reverse sign smoothly. Correspondingly, the current 
density Jy in the two current sheets bounding the reconnection layer region is small and 
the thickness o f the current sheets is wider (see Figure 3.8).
Figures 3.9a and 6 show the profiles o f simulation quantities across the reconnection 
layer at t — 6 4 and z =  -1 2 a  and -2 4 a  in Case 2, respectively. In Figures 3.9a and b, 
it is seen that the discontinuity structure in both magnetic field and plasma quantities 
is not evident. For example, at z — —12a (Figures 3.9a), the peak value o f the current 
density is only about 25% of that in Case 1 at t — 63tA and z =  -1 2 a  (Figure 3.66). 
The plasma density and pressure jump across the current sheets in Case 2 are also much 
smaller than in Case 1. In Case 2 at t =  64tA and z =  -1 2 a  and —24a, the pressure and 
density jump across the current sheets are only about 20% and 10%, respectively, while 
in Case 1 at t =  6 3 ^ , the corresponding profiles o f pressure and density at z =  -1 2 a  
and —24a shows an increase o f about 6000% for pressure and 100% for density. The 
magnitude o f the plasma speed in the reconnection layer in Case 2 is close to that in 
Case 1 but it is apparent that the reconnection layer in Case 2 has become wider. On 
the two sides o f  the recoimection layer, the plasma flows are converging towards the 
reconnection layer as in Case 1. Except for a much smoother variation in Case 2, the 
magnetic field profiles in Case 2 are similar to those in Case 1 .
Based on Case 1 and Case 2, it is suggested that in a 2-D symmetric configuration, 
a pair o f  slow shocks may develop in the process o f recoimection. This pair o f slow 
shocks will bound the reconnection layer region in which another pair o f  MHD contact 
discontinuities may exist to account for the large density drop at the center o f the
154
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t = 44 tA
(b)
Figure 3.7 Configurations of magnetic field, plasma flow patterns, and current 
sheet structures at (a) t =  441a and (b) t =  6 4 ^  In Case 2.
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Figure 3.8 Corresponding 3-D profiles of current density Jy in Figure 3.7.
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Figure 3.9 a  Profiles of the simulation quantities across the reconnection layer 
at z =  - 1 2 a  and t =  64Ia  I" Case 2.
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Figure 3.9 b Profiles ot the simulation quantities across the reconnection layer 
at z =  - 2 4 a  and t =  64 t,i In Case 2.
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reconnection layer. At the initial stage o f reconnection, the slow shocks are likely to 
propagate perpendicular to the shock front into the upstream region and as a result, the 
width o f the reconnection layer will increase. Across the pair o f  slow shocks from the 
upstream region, plasmas will be accelerated in the outflow direction by the j  X B  forces 
associated with the strong current intensity in the slow shocks. However, in the presence 
o f a large (3, sharp MHD discontinuity structures such as slow shocks are unlikely to 
develop in the recomiection layer. In the earth’s magnetotail, the plasma (3 is low 
and the plasma and magnetic configuration is more or less symmetric (compared to the 
dayside situation) with respect to the north-south direction. Therefore, the formation o f 
slow shocks is expected to be a common feature in the tail recoimection. The existence o f 
a pair o f  slow shocks attached to the recomiection layer was first suggested by Petschek 
[1964]. Later, in symmetric MHD simulations, the slow shock structures have been 
observed in driven reconnection as well as spontaneous reconnection [e.g., Sato, 1979; 
Fu and Lee, 1986; Scholer, 1989].
3.3.2 Asymmetric magnetic reconnection
In subsection 3.3.1, it has been demonstrated that 2-D symmetric magnetic reconnection 
is characterized by the development o f  a pair o f slow shocks bounding the recomiec­
tion layer. In this section, the properties o f  magnetic recomiections in an asymmetric 
configuration are investigated.
Case 3: asymmetry in the magnetic field
Case 3 studied the effect o f asymmetry in the magnetic field on the recomiection process. 
In Case 3, the plasma density on both sides o f  the current sheet is identical while 
magnetic field strength Bio on Side 1 (right side o f the simulation box) is increased
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
to 1.5520  (recall that B 20 is use(i as the normalization unit). On Side 1 with high 
magnetic field strength, /3i =  0.1 is used and the initial pressure balance then requires 
that (32 — 1.5 on Side 2 (see (3.10)). Since, as will be shown below, the magnetic bulge 
resulting from reconnection in Case 3 is larger on Side 2 (smaller magnetic field strength 
side), in (3.8) is set to x0 =  - 4 a or, equivalently, the initial current sheet is moved 
to the right o f  the center line o f  the simulation box at x =  0 .
Figure 3.10 shows the magnetic field and plasma patterns at t =  47tA and Figure 
3.11 shows the corresponding 3-D profile o f Jy in the x -z  plane. The magnetic bulge 
on Side 2 (left side) is larger than that on Side 1, as can be determined by the larger 
curvatures o f  magnetic field lines on Side 2. The asymmetry in the magnetic bulge is 
also reflected in the plasma velocity pattern. As can be seen in Figure 3.10, the right 
boundary o f the enhanced plasma speed region is almost parallel to the z-axis while 
the left boundary shows a bulged shape. Associated with the enhanced plasma flow 
speed region on Side 2 is a vortex flow pattern. The reconnection layer can be identified 
as the region bounded by the two current sheets which show a larger inclination angle 
with respect to the z-axis on Side 2 corresponding to the larger magnetic bulge on 
Side 2. In the plasma density distribution, a thin layer o f  high plasma density appears 
near the right boundary o f the reconnection layer. W ithin the reconnection layer, the 
plasma thermal pressure is enhanced. It is seen that in the region approximately above 
z > —15a, the magnetic field lines reverse sign across the left branch o f the current 
sheet. It will be shown below that this portion o f the left branch o f the current sheet 
may correspond to an intermediate MHD shock.
Figures 3.12a and b show the profiles o f  magnetic and plasma quantities across the 
reconnection layer at i =  47tA and z =  -1 2 a  and z =  -2 4 a , respectively.
In Figure 3.12a, the two current density peaks indicate the presence o f two MHD 
discontinuities at x ~  —2.5a and x ~  —6a. The two current density peaks also mark the
160
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Figure 3.10 Configuration of magnetic field (upper left panel), plasma flow 
patterns (upper right panel), contours of pressure (lower left panel), contours 
of plasma density (lower middle panel), and contours of current density Jv at 
t - 47tA in Case 3.
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Figure 3.11 Corresponding 3-D profiles of current density Jy In Figure 3.10.
i “
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region o f the reconnection layer at z =  -1 2 a . Across the right MHD discontinuity at 
x ~  —6 a from upstream o f the reconnection layer, magnetic field strength |5| decreases 
(but B z does not reverse sign) wliile both plasma density p and thermal pressure p 
increases. Upstream of the reconnection layer on Side 1, the x component o f plasma 
velocity, vx , which is almost in the discontinuity normal direction, is positive, i.e., 
towards the reconnection layer. Hence, the MHD discontinuity corresponding to the 
right branch o f the current sheet at x ~  —6a may be a slow shock. However, the MHD 
discontinuity corresponding to the left branch o f the current sheet at x  ~  —2.5a cannot 
be identified as a slow shock since B z reverses its sign across the discontinuity, while 
in a slow shock the tangential component o f the magnetic field at most is switched 
off (or becomes zero) in the downstream region. There are two MHD discontinuities 
across which the tangential component o f the magnetic field can reverse its sign: the 
rotational discontinuity and the intermediate shock. However, since downstream of 
this discontinuity both p and p  are increased, it cannot be a rotational discontinuity 
either. Hence, the MHD discontinuity at x ~  -2 .5 a  may correspond to an intermediate 
shock. It is necessary to check the upstream normal flow velocity v'nl in the frame o f 
the discontinuity to see if  it is super-Alfvenic, as this is a required condition for the 
formation o f an intermediate shock. The phase velocity o f Alfven waves propagating in 
the normal direction o f the discontinuity is given by
V i„  =  V jc o s0 , (3.14)
where 6 and Va are defined in (3.13). By the same method used in Case 1, the following 
characteristic parameters are obtained for the left intermediate shock at t =  47t^ and 
z =  -1 2 a : Vd ~  0.04V^o, (ft ~  20", a  ~  27". The upstream values o f normal flow 
speed, magnetic field strength B , and plasma density are measured directly in Figure 
3.12a. Finally, we obtain v'Tll ~  0.4VUo and Vav. ~  0 .2101(1 • Hence, the upstream
163
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Alfven Mach number M atii in the frame o f discontinuity is about 2, consistent with the 
super-Alfvenic condition for the formation of intermediate shocks.
At z =  -2 4 a , as shown in Figure 3.126, the right branch o f the current sheet now 
located at x ~  — 7a still corresponds to a slow shock. However, the intermediate shock 
corresponding to the left branch o f the current sheet at z =  - 1 2 a is now replaced by a 
slow shock located at x ~  0.7a.
The appearance o f an intermediate shock in Case 3 is a feature not observed in the 
symmetric cases (Case 1 and Case 2). Case 3 shows that closer to the recoimection point 
(X  point), the reconnection layer is bounded by a slow shock on the side with a larger 
magnetic field strength (Side 1) and an intermediate shock on the side with a weaker 
magnetic field strength (Side 2), while farther away from the X  point, the reconnection 
layer on both  sides is bounded by two slow shocks. This mixed state o f slow shock and 
intermediate shock along the left boundary o f the recoimection layer exists throughout 
the simulation run. Furthermore, the two contact discontinuities associated with the 
density p drop within the reconnection layer identified in the symmetric case still exist 
in Case 3 in the reconnection layer, except that the left one corresponds to a much 
smaller density drop than the right one. As in the symmetric case, a region o f enhanced 
plasma flow speed appears in the recoimection layer o f Case 3. However, in Case 3, the 
enhanced plasma flow speed region shifts to Side 1 with larger magnetic field strength 
(in fact, at x — —12a as shown in Figure 3.12a, the whole enhanced |uz| region is almost 
all in the B z >  0 region).
Case 4• Small asymmetry in plasma density
In Case 4, magnetic field and plasma /? values on Side 1 and Side 2 are symmetric: 
B i a / B =  1 and /3t =  /32 =  0.1; a small asymmetry in plasma densities on Side 1 and
164
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Figure 3.12a Profiles of the simulation quantities across the reconnection 
layer at z — - 1 2 a  and t =  4 7 ta  In Case 3. The position of the Intermediate 
shock Is marked by the vertical dashed line labelled IS.
r ~  -
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t =  m A z =  -2 4 a
Figure 3.126 Profiles of the simulation quantities across the reconnection 
layer at z  =  —24a and t =  £7tA in Case 3.
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Side 2 is assumed: p ^ jpo i =  2.
Figure 3.13 shows the magnetic field configuration, flow pattern, and current sheet 
structure at t =  5 0 ^  for Case 4. One apparent feature o f magnetic field configuration 
which is different from that in the symmetric case is that the bending of magnetic field 
lines near the left boundary o f the reconnection layer is much larger than that near the 
right boundary. It will be shown below that this large bending of magnetic field lines 
corresponds to a switch-off slow shock downstream of which the tangential component 
o f  the magnetic field is zero (or switched off).
Figure 3.14 shows the profiles o f simulation quantities at z — -2 4 a  and t =  50t^. 
A  careful examination o f Figure 3.14 shows that the two current density peaks located 
at a: ~  0.5a and —4a correspond to two slow shocks. In particular, it can be seen from 
the B z profile in Figure 3.14 that downstream of the left slow shock B z is zero. This 
suggests that this discontinuity may be a switch-off slow shock. In the reconnection 
layer, the two contact discontinuities can be identified near the density minimum and 
are marked in Figure 3.14 by two vertical dashed lines labelled with the letter C. In 
the reconnection layer at z — —24a, it is seen that plasma is accelerated to a speed o f 
about Vao in the negative z direction. The profiles o f simulation quantities at several 
other locations above z >  —24a were also examined. Qualitatively, the structure o f the 
reconnection layer was similar to those revealed at z =  —24a (shown in Figure 3.14).
Hence, Case 4 suggests that with a small asymmetry in plasma density, the recon­
nection layer structure resembles qualitatively the one in the symmetric case except that 
the bending o f magnetic field lines across the slow shock on the side with a larger plasma 
density (Side 2 in Case 4) tends to be stronger, corresponding to a larger decrease in 
the tangential component o f the magnetic field downstream of the discontinuity. It will 
be shown in the next simulation case, Case 5, that when the plasma density asymmetry 
on the two sides becomes even larger, the bending o f magnetic field lines across the
167
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Figure 3.13 Configuration of magnetic field (left panel), plasma flow patterns 
(middle panel), current sheet structure (right panel) at t =  504^ in Case 4.
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Figure 3.14 Profiles of the simulation quantities across the reconnection layer 
at z =  —24a and t =  50i>i in Case 4.
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discontinuity on the side with greater plasma density is so large that the magnetic field 
virtually reverses its sign downstream o f the discontinuity, suggesting the existence o f 
an intermediate shock there.
Case 5: large asymmetry in plasma density
In Case 5, the asymmetry in plasma density is increased to pm/pn =  10 while the rest 
o f  the parameters are the same as in Case 4.
Figure 3.15a shows the magnetic field configuration, plasma flow pattern, and 
current sheet structure at t =  401& for Case 5. Figure 3.156 is the corresponding 3-D 
profile o f  current density Jy at t =  40t^.
From Figure 3.15, it is seen that one o f the features in Case 5 is that the intensities 
o f  the two branches o f the current sheets are in sharp contrast in the region above 
z >  —30a. The right branch o f the current sheet bounding the reconnection layer is so 
weak that it is barely identifiable while the left one is strong. As a result, the jump 
o f the tangential component o f the magnetic field is small across the right branch of 
the current sheet but is large across the left branch. In fact, as can be seen from the 
magnetic field configuration in Figure 3.15, magnetic field lines reverse sign across the 
left branch o f the current sheet in the region approximately above z >  —24a. However, 
it is interesting to note that the magnitude o f the plasma velocity in the reconnection 
layer does not exhibit a noticeable asymmetry in the x direction. Plasma across the 
left and right branches o f the current sheet is accelerated by the j  x B  to high speed of 
comparable magnitudes despite the large difference in the intensities o f the two branches 
o f  the current sheet. This fact is not surprising since the plasma density on the right 
side o f the reconnection layer is an order o f magnitude smaller than that on the left
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Figure 3.15 (a) Configuration of magnetic field (left panel), plasma flow pat­
terns (middle panel), current sheet structure (right panel) at t  =  50tA In Case 
5 ; (b) the corresponding 3-D profile of current density Jy.
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side. Hence, the force needed to accelerate plasma to the same high speed on the right 
side is also smaller.
Figure 3.16 shows the profiles o f simulation quantities across the reconnection layer 
at z =  —18a and t =  401.4 for Case 5. First, from the profile o f the current density 
Jy , it is seen that peak value o f the left branch o f the current sheet at z =  —18a is 
much larger than that o f the right branch o f current sheet. In the figure, the two Jy 
peaks are located at x ~  0.4a and —0.3a, respectively. The peak values o f Jy are about 
2Jo for the right peak and 0.3Jo for the left one. This indicates that the jump in the 
tangential component o f the magnetic field is much larger across the left branch o f the 
current sheet than across the right one. On further inspection, the behavior o f the 
magnetic field and plasma quantities implies that the left branch o f the current sheet 
may correspond to an intermediate shock while the right one is a weak slow shock. In the 
present case with a large density asymmetry, two major features which are in contrast 
to those in the Case 4 with a small density asymmetry are: (1) the magnetic field jump 
in tangential component is much larger on the left side (large density side) than on the 
right side (small density side) o f the reconnection layer and (2 ) the right density bump 
in the reconnection layer is now small compared to the left one. In Case 5, the jump in 
the tangential magnetic field component across the left boundary o f the reconnection 
layer (or the left branch o f the current sheet) is so large that the tangential component 
o f the magnetic field virtually reverses its sign from upstream to downstream region 
o f the discontinuity, implying an intermediate shock, while in Case 4, the tangential 
component o f  magnetic field is only nearly switched off across the left branch o f the 
current sheet, which may correspond to a switch-off shock. Furthermore, in Case 5, 
though the left contact discontinuity associated with the left large bump in the plasma 
density profile can still be identified in the reconnection layer, the corresponding right
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contact discontinuity present in Case 4 is less obvious due to the small density variation 
associated with the right plasma density bump.
Approximately in the z >  —24a region, the profiles o f magnetic field and plasma 
quantities across the reconnection layer at different z  locations (not shown here) also 
show similar patterns to those in Figure 3.16. Therefore, it may be concluded that in 
the presence o f a large plasma density asymmetry, the reconnection layer is likely to be 
bounded by an intermediate shock on the large plasma density side and a weak slow 
shock on the small plasma density side, while in the reconnection layer itself, only one 
contact discontinuity may be present.
Case 6 and Case 7: asymmetry in both magnetic field and plasma density
In Case 6 and Case 7, the ratio o f the initial plasma densities on the two sides is 
still pio/p20 — 0.1 but the asymmetry in the magnetic field is B 1 0 /B20 =  1.5 and 3, 
respectively. On Side 1 the 0  value is fixed to 0\ =  0.1. Hence, an increase o f  magnetic 
field strength on Side 2 in Case 6 and Case 7 requires the 0  values on Side 2 to be 
increased to 02 — 1.5 and 9, respectively. Note that Case 7 is a high 0  case with 0 Z =  9 
on Side 2.
Figure 3.17a shows the magnetic field configuration, plasma flow pattern, and 
current sheet structure at t =  44tA for Case 6 . Figure 3.17f> is the corresponding 3-D 
profile o f current density Jy at t =  44t^. From Figure 3.17, it is seen that, as in Case 3 
which only has asymmetry in the magnetic field (.B01/H 02 =  1-5), the magnetic bulge 
resulting from reconnection is larger on the low magnetic field side (Side 2) than on 
the high magnetic field side (Side 1). This asymmetry in magnetic bulge seems to be 
a common feature in a reconnection configuration in which magnetic field strength on 
two sides is not equal. The plasma flow pattern in Case 6 (at t =  4 4 ^ )  is also similar
173
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
vt
/V
A0
 
v
x
/V
ao
174
t =  40fx z =  - l g a
tr
IS c
H  I 
-L  I,
10.0 5.0 0.0 - 5 . 0  -1 0 .0
x/a
10.0 "5.0 0 .0  - 5 . 0  -1 0 .0
s / o
Figure 3.16 Profiles of the simulation quantities across the reconnection layer 
at z =  - 1 8 a  and t =  40tA In Case 5. '
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to that in Case 3. However, unlike Case 3, Case 6 also has an asymmetry in plasma 
densities on the two sides. As a result, as can be seen from Figure 3.176, in Case 6 the 
current density in the right branch o f the current sheet is much weaker than that in the 
left branch. This same asymmetry in the left and right branches o f the current sheet is 
also found in Case 5, which has only asymmetry in plasma densities on both side. In 
fact, a detailed diagnostic shows that the right branch o f the current sheet is so weak 
that the magnetic field jump corresponding to it is almost negligible.
Figure 3.18 shows the magnetic field and plasma quantities across the reconnection 
layer at z =  —18a. In Figure 3.18, it is seen that the reconnection layer is bounded 
on the left side (low magnetic field and high plasma density side) by an intermediate 
shock and on the right side by a very weak and almost unidentifiable slow shock. In this 
case, the large density drop in the reconnection layer cannot be identified as a contact 
discontinuity due to the existence of a finite normal flow (vx /  0).
Figure 3.19 shows the magnetic field configuration, plasma flow pattern, and cur­
rent sheet structure at t =  42tA for Case 7. The most apparent feature noted in Figure 
3.19a is that the magnetic bulge associated with the reconnection layer is almost ex­
clusively on the low magnetic field side (Side 2) while on the high magnetic field side 
(Side 1) o f the reconnection layer the magnetic field lines are nearly straight lines. In 
the reconnection layer the plasma is seen to be accelerated to very high speed (higher 
than that in any o f the previous cases, as will be shown in the following Figure 3.20). 
The high speed o f plasma in the reconnection layer may be due to the strong magnetic 
field on one side o f the reconnection layer.
The magnetic field reversal region in Case 7 is approximately in the z >  -2 4 a  
region. As an example, Figure 3.20 shows the plasma mid magnetic field quantities 
across the field reversal region or reconnection layer at t =  42tA and z — - 1 2 a. From 
Figure 3.20, it is seen that except for the large drops in plasma density and pressure in
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Figure 3.17 (a) Configuration of magnetic field (left panel), plasma flow pat­
terns (middle panel), current sheet structure (right panel) at t =  4 4 in Case 
6; (b) the corresponding 3-D profile of current density Jy.
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Figure 3.18 Profiles of the simulation quantities across the reconnection layer 
at z =  —18a and t — 44 tA In Case 6 .
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10  10
Figure 3.19 (a) Configuration of magnetic field (left panel), plasma flow pat­
terns (middle panel), current sheet structure (right panel) at t =  4 2 tA in Case 
7 ; (b) the corresponding 3-D profile of current density Jy.
I
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the reconnection layer, the transition o f each quantity from Side 2 to Side 1 is smooth, 
or the discontinuity structure in the reconnection layer is very weak. Note that from 
Case 5 and Case 6, it is already seen that the discontinuity is weak on the side with a 
very low plasma density. Therefore, the weak discontinuity structure on Side 1 (right 
side) in Case 7 is an expected result. On the other hand, as is shown in the symmetric 
case (Case 2), the high f3 value tends to smooth out the sharp jumps in plasma and 
magnetic field quantities. In Case 7, the j3 value on the left side is very high (/?2 =  9) 
and, consistent with Case 2, the discontinuity structure is seen to be weak. One another 
feature revealed in Figure 3.20 is the high plasma speed in the reconnection layer, which 
reaches |v2| ~  3Vao at x  ~  —3a, the highest in all simulation cases. Furthermore, most 
o f  this high-speed plasma jet is on the side with B z >  0.
Both Case 5 and Case 6 are cases with a large plasma density ratio. The reconnec­
tion layer in both cases is found to be bounded by an intermediate shock on the high 
plasma density side and a weak slow shock on the low plasma density side. When the 
magnetic field strength on the low plasma density side is increased, as in Case 6, the slow 
shock on that side becomes even weaker while the jump in plasma and magnetic field 
quantities associated with the intermediate shock on the other side becomes smoother. 
If the magnetic field strength on the low plasma density side is further increased as in 
Case 7, the variation o f  plasma and magnetic field quantities across the reconnection 
layer is so smooth that discontinuity structures within the layer are difficult to identify.
3.4 Application to the Dayside Magnetopause
The earth’s dayside magnetopause is a boundary which separates the magnetosheath 
(the shocked solar wind region) from the magnetospheric region (the geomagnetic field
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Figure 3.20 Profiles of the simulation quantities across the reconnection layer 
at z =  - 1 2 a  and t =  4 2 f ,i In Case 7.
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region with contained plasma). On both sides of the magnetopause, plasma is mag­
netized. A  noticeable asymmetry in the plasma and magnetic field parameters exists 
between the two sides. First, the plasma density is usually high in the magnetosheath 
and low in the magnetosphere. The plasma number density in the magnetosheath is on 
the order o f 10 cm - 3 , typical o f  many observed magnetopause crossings. Variations in 
this parameter may occur by up to an order of magnitude. For example, during storm 
times the density may be as high as 100 cm -3  [e.g., Paschmann et al., 1986] and occa­
sionally values as low as 1 cm -3  have been seen [e.g., Gosling et al., 1982]. The ratio o f 
the plasma density in the magnetosheath to that in the magnetosphere is typically 10:1. 
Deviations from the average number density in the magnetosphere may also occur, e.g., 
as the result o f strong compression o f the magnetosphere. Second, the magnetic field 
strength is usually higher on the magnetospheric side than on the magnetosheath side. 
The strong magnetic field strength on the magnetospheric side leads to a low plasma /3 
value while on the magnetosheath side the plasma (3 value is often high or the plasma 
pressure is dominant over the magnetic pressure on the magnetosheath side.
3-4.1 Simulation cases
In these simulations, Petschek’s model has been confirmed in the symmetric cases, Case 
1 and Case 2, in which a pair o f slow shocks is observed to bound the reconnection layer. 
However, Case 1 and Case 2 cannot be applied to the dayside magnetopause because 
they assumed equal plasma density on both sides. In simulation cases Case 5, Case 6, 
and Case 7, a large asymmetry in plasma density is assumed: p i« /p 2o =  0.1. Hence, 
Case 5, Case 6, and Case 7 may be considered as suitable for the dayside magnetic 
reconnection process with the magnetosheath on Side 2 (high plasma density side) and 
the magnetosphere on Side 1 o f the simulation configuration. In the following, the
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reconnection layer structure observed in these three cases (Case 5, Case 6, and Case 
7) will be re-examined in relation to the dayside magnetopause. For convenience in 
the discussion below, Side 1 (low plasma density side) in the simulation will be called 
the magnetospheric side and Side 2 (high plasma density side) the magnetosheath side. 
Note in all these three cases, the plasma (3 values on Side 1 Eire low (0i =  0.1 in all 
three cases) which is also typical o f the magnetospheric side. The only difference in 
Case 5, Case 6, and Case 7 is the ratio o f  the magnetic field strength or the plasma f3 
value in the magnetosheath.
In Case 5, the magnetic field strength on both sides o f the magnetopause is equal. 
Hence, Case 5 corresponds to a low plasma /3 case (in terms o f the f3 value in the 
magnetosheath). From Figure 3.15 and 3.16, it can be seen that the reconnection 
layer in Case 5 is bounded by an intermediate shock on the magnetosheath side and 
a weak slow shock on the magnetospheric side. The current sheet corresponding to 
the intermediate shock may be identified as the magnetopause, since the direction of 
magnetic field changes from a southward to northward direction (positive z  direction 
in the simulation) in going from the magnetosheath to the magnetosphere.
We now closely examine the reconnection layer structure o f Case 5 at z — -1 8 a  
and i =  40t^, as shown in Figure 3.16. It is seen that the tangential plasma speed |uz| 
in the reconnection layer is enhanced to a value o f about 1.3V^fl, where Vas denotes 
here the Alfven speed on the magnetosheath side (recall that the normalization unit of 
velocity in the simulation is the Alfven speed on Side 2 or the magnetosheath side). In 
Case 5, the Alfven speed on the magnetospheric side is Va m ~  SVas- Hence, the value 
o f the plasma speed in the reconnection layer is greater than the magnetosheath Alfven 
speed but less than the magnetospheric-side Alfven speed. Also note that the enhanced 
|uz| region occurs almost exclusively between the intermediate shock, or magnetopause, 
and the weak slow shock. This region may be identified as the boundary layer of
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the dayside magnetopause. The boundary layer is a region o f plasma inside o f or 
adjacent to the magnetopause that has properties unlike those observed either in the 
magnetosheath or magnetosphere. The converging flow o f plasma in Case 5, as shown 
in Figure 3.16, indicates that the plasma in the boundary layer (the reconnection layer 
in this case) comes from both the magnetosheath side and the magnetospheric-side (nx 
is negative, or antisunward, on the magnetosheath side and positive, or sunward, on the 
magnetospheric side). From Figure 3.16, it can be further seen that since the plasma 
pressure p varies little in this boundary layer while plasma density p is high in the left 
half o f the boundary layer but low hi the right half, the plasma in the bomidary layer 
is made up o f liigh-temperature plasma on the right side and low temperature plasma 
on the left side. One MHD discontinuity that can be identified in the reconnection 
layer o f Case 5 is the contact discontinuity as shown in Figure 3.16. This contact 
discontinuity separates the high-temperature plasma from low-temperature plasma in 
the reconnection layer. However, in a collisionless plasma, as argued by Barnes [1971] 
and Rijnbeek et al. [1988], the contact discontinuity is unlikely to be found because the 
magnetic field component parallel to the plasma density gradient allows rapid diffusion 
o f plasma along the gradient. Hence, in the real reconnection layer at the magnetopause, 
the high-temperature and low-temperature plasma may be in a mixed state. Another 
feature revealed in Figure 3.16 is the reduced magnetic field strength in the reconnection 
layer to maintain the approximate total pressure balance since the plasma pressure is 
enhanced in the reconnection layer. In interpreting one observational example of dayside 
reconnection, Rijnbeek et al. [1988] have used the reduced magnetic field strength in 
the identified reconnection layer as an indicator o f slow shocks. However, as was seen in 
Case 5, the reduced magnetic field strength can be also associated with an intermediate 
shock.
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In Case 6, the magnetic field strength Bm on the magnetospheric side is increased 
to 1.5B„, where B„ is the magnetic field strength on the magnetosheath side. Case 6 
is a medium plasma (3 case (f32 =  1.5 on the magnetosheath side). As in the low /3 
case, Case 5, the reconnection layer in Case 6 is bounded by an intermediate shock 
on the magnetosheath side and a very weak slow shock on the magnetospheric side. 
Again, the magnetopause and the boundary layer can be identified as the current sheet 
associated with the intermediate shock and the enhanced |v2| region, respectively. As 
in Case 5, the enhanced plasma speed in the reconnection layer is greater than the 
magnetosheath side Alfven speed but less than the magnetospheric side Alfven speed 
(|u2| reaches a maximum value o f about 1 . 7 at x  ~  2a in Figure 3.18 while the 
Alfven speed on the magnetospheric side Va ™ ~  4.7Va „ in Case 6). The reduction 
o f  magnetic field strength in the reconnection layer is large on the magnetosheath 
side but small on the magnetospheric side, corresponding to a weak slow shock. The 
m ajor differences between the medium (3 case, Case 6, and small (3 case, Case 5, are 
that: (1) the thickness o f the current sheet or the discontinuity corresponding the 
intermediate shock or magnetopause increases in Case 6, (2) the slow shock bounding 
the magnetospheric edge o f the reconnection layer becomes even weaker in Case 6, (3) 
the contact discontinuity structure clearly identifiable in the reconnection layer o f  Case 
5 is less evident in Case 6, and (4) the relative jump in plasma pressure p and density 
p across the intermediate shock is smaller in Case 6 than in Case 5.
As the plasma (3 in the magnetosheath is further increased, as demonstrated in 
Case 7 (Figures 3.19 and 3.20), discontinuity structures are difficult to identify in the 
dayside Teconnection layer. The reconnection layer in Case 7 can be considered simply 
as corresponding to a nonlinear structure across which, from magnetosheath side, the 
magnetic field reverses its sign and increases to the magnetospheric value while both 
the plasma density and pressure decrease. The magnetopause in Case 7 corresponds
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almost to the entire reconnection layer region. In the recomiection layer o f Case 7, 
the plasma speed is also enhanced: |u2| reaches a maximum value o f about 3VA„ at 
x  ~  —3a in Figure 3.20. This maximum value o f |u2| in the recoimection layer again 
is greater than the magnetosheath Alfven speed VA* but less than the magnetospheric 
side Alfven speed VAm, which in Case 7 is about 9 .5 1 ^ . Case 7 indicates that in the 
presence o f a large magnetosheath (3 value or a large ratio o f  magnetic field strengths 
on both sides o f the magnetopause, sharp discontinuity structures are unlikely to be 
found in the dayside reconnection layer.
The simulation cases discussed above indicate that: (1) for a low or medium plasma 
(3 in the magnetosheath, the reconnection layer is bounded by an intermediate shock 
(the magnetopause) on the magnetosheath side and a weak slow shock on the magneto- 
spheric side, (2) for a large plasma (3 in the magnetosheath, sharp MHD discontinuity 
structures in the recoimection layer tend to be absent, (3) in all cases, the plasma speed 
in the reconnection layer is always enhanced and is greater than the Alfven speed in 
the magnetosheath but smaller than the Alfven speed in the magnetosphere, (4) the 
magnetic field strength in the reconnection layer is always reduced from the upstream 
value, and (5) in case o f a low plasma (3 in the magnetosheath, a contact discontinuity 
is present in the recomiection layer.
3.4.2 Evolution o f the dayside reconnection layer
In this subsection, we will provide a qualitative explanation o f the simulation results 
on the dayside reconnection layer structures.
In the absence o f magnetic reconnection, the dayside magnetopause may be con­
sidered as a tangential discontinuity. With the onset o f magnetic recomiection, this 
tangential discontinuity may evolve into several other discontinuities constituting the
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reconnection layer. One basic feature o f magnetic reconnection is that the magnetic 
field direction reverses from one side to the other. In a symmetric case, Petschek 
[1964] has assumed that this field reversal can be achieved by two pairs o f slow shocks 
bounding the reconnection layer, since the slow shock has the property o f reducing the 
magnetic field component tangential to the shock front downstream of the slow shock. 
In Petschek’s model, the outflow plasma downstream o f  the pair o f nearly switch-off 
slow shocks flows with the upstream Alfven velocity (Alfven velocity in the inflow re­
gion) [e.g., Vasyliunas, 1975]. However, at the dayside magnetopause, the asynunetry 
in plasma and magnetic field parameters on the two sides o f  the magnetopause leads 
to largely different Alfven speeds on two sides. The Alfven speed VAs on the magne­
tosheath side is much smaller than the Alfven speed Vr^ m on the magnetospheric side, 
due to the small plasma number density nm and strong magnetic field strength B rn on 
the magnetospheric side and large plasma number density n„ and weak magnetic field 
strength B„ on the magnetosheath side. For example, if the typical ratios at the dayside 
magnetopause are taken to be n a/nm ~  10 and Bin/B„ ~  3, then VArn/VAa ~  10. This 
large difference in Alfven velocities may lead to reconnection layers with a different 
discontinuity structure from that in Petschek’s symmetric model. In the following, we 
will suggest a possible evolution pattern for the shock structures bounding the recon­
nection layer at the dayside magnetopause before reaching the quasi-steady state by 
assuming that the pairs o f  slow shocks in Petschek’s model form  at a very early stage 
o f the reconnection.
The suggested evolution o f the shock structure is illustrated in Figure 3.21. In 
Figure 3.21, SS denotes slow shock, IS denotes intermediate shock, and X  denotes 
the recoimection point (or X  point). Illustrated in the figure are the reconnection layer 
configurations at three time instances f =  t\, *2 > and tz, where va and vm are the plasma 
speeds in the reconnection layer downstream o f the MHD shocks on the magnetosheath
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and magnetospheric sides, respectively, with the superscripts 1, 2, and 3 corresponding 
to three different time instances. Plotted in Figure 3.21 is the upper half o f the whole 
reconnection configuration. Suppose a pair o f slow shocks (nearly switcli-off) is formed 
immediately after the reconnection at t — t i . Downstream of this pair o f slow shocks, 
the plasmas will be flowing out with approximately the corresponding upstream Alfven 
velocities: ~  VA„ and Vm ~  VArn. Since VAm is much greater than VA, as pointed
out above, there will be at t =  ty a large velocity shear in the recoimection layer. 
Plasmas downstream of the slow shock on the magnetospheric side (right side in the 
figure) will move m udi faster than do plasmas downstream of the other slow shock. Since 
the reconnected field lines are convected out along with the out-flowing plasmas, the 
velocity shear in the recoimection layer will reduce the jump in the tangential magnetic 
field component across the discontinuity on the right side but increase it across the 
discontinuity on the left side. At this stage (t =  t2 in Figure 3.21), the discontinuity on 
the right side may become a weak slow shock while the discontinuity on the left side 
corresponds to a strong slow shock (the strength of the slow shock is defined here in 
terms o f the magnitude o f the jump in the tangential magnetic component across the 
slow shock). Hence, the current density j  in the current sheets associated with the right 
and left shock waves will decrease and increase, respectively. As a result, the plasma 
speed decreases downstream o f the right slow shock (weak slow shock) and increases 
downstream o f the left slow shock (strong slow shock), since the plasma acceleration 
in the recomiection layer is mainly due to the Lorentz force (j X B  force) associated 
with the shock waves. Eventually, at t =  t3, the plasma speed in the reconnection 
layer will become uniform, namely, — vffl while the left discontinuity will evolved 
into an intermediate shock and the right discontinuity into an even weaker slow shock. 
In addition, and will both be greater than VAs and smaller than VAm (note 
that this is a feature observed in the asymmetric cases discussed in subsection 3.4.1).
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At this time ( t — £3), the reconnection process is likely to reach a quasi-steady state 
and the magnetic field direction reversal is mainly accomplished by the intermediate 
shock. The current sheet associated with this intermediate shock will then mark the 
position o f the magnetopause. Note that due to the large Alfven velocity VAm on the 
magnetospheric side, the whole process from t =  t\ to £ =  £3 should be very short, 
with a time scale At =  £3 — £1 , the order o f  At ~  l / V Am, where I is the width o f  the 
reconnection layer. Therefore, in a reconnection process with largely different Alfven 
velocities on the two sides o f the reconnection layer, the reconnection layer is likely to 
be bounded by an intermediate shock on the low Alfven speed side and a weak slow 
shock on the high Alfven speed side. The evolution process suggested above is only a 
qualitative one. The quantitative aspects o f this process are worth further study.
3.5 Summary and Discussion
I11 summary, this chapter has presented studies o f the reconnection layer structures 
under different symmetry conditions. In particular, the effects o f three parameters on 
the structure o f the reconnection layer were investigated systematically, these three 
parameters being the degrees o f asymmetry in magnetic field strengths and in plasma 
densities on both sides o f  the reconnection layer and the plasma (3 value. The results 
are as follows:
1. In a symmetric configuration with low plasma (3 (Case 1), the reconnection 
layer is found to be bounded by a pair o f slow shocks as predicted in Petschek's [1964] 
original model. At the center o f the reconnection layer, the plasma density shows a 
local minimum which is identified to be associated with a pair o f contact discontinuities 
within the reconnection layer. The plasma flowing across the pair o f slow shocks and into 
the reconnection layer from both  sides is accelerated to high speed by the pair o f slow
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Magnetosheath Magnetosphere
Figure 3.21 Evolution of the shook structure in the reconnection layer.
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shocks in the outflow direction. In the reconnection layer, the magnetic field strength 
is reduced (a property o f the slow shock) wliile the plasma pressure is increased. The 
result from this case may be applicable to the magnetic reconnection in the magnetotail.
However, when plasma /3 is high, the discontinuity structures in the reconnection 
layer appears to be less evident.
2. In the presence o f an asymmetry in magnetic field strengths on the two sides of 
the reconnection layer (Case 3), intermediate and slow shocks may coexist to bound the 
low field edge o f the reconnection layer, while the other edge o f the reconnection layer 
is bounded by a slow shock downstream in which a thin layer o f high plasma density 
appears.
3. For a small asymmetry in plasma densities on the two sides o f the reconnection 
layer (Case 4), the structure o f the reconnection layer resembles the symmetric case, 
qualitatively. The reconnection layer is also bounded by a pair o f  slow shocks and two 
contact discontinuities can be identified in the reconnection layer. However, the slow 
shock on the high plasma density side will be stronger than the slow shock on the other 
side.
For a large asymmetry in plasma densities (Case 5), the structure o f the reconnec­
tion layer is different from that in the symmetric case both qualitatively and quantita­
tively. The reconnection layer is now bounded by an intermediate shock on the high 
plasma density side and a weak slow shock on the low plasma density side. Only one 
contact discontinuity can be identified within the reconnection layer.
4. For cases with large asymmetry in plasma densities (Case 5 and Case 6 ), an 
increase in magnetic field strength on the low plasma density side will not change 
qualitatively the reconnection layer structure on the two edges. However, in the case of 
a large magnetic field strength on the low plasma density side (corresponding to a large 
(3 value on (lie high plasma density side), the discontinuity structure in the reconnection
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layer is not evident (Case 7), similar to the situation with a large /3 in the symmetric 
case (Case 2).
5. Case 5, Case 6 , and Case 7 are cases with plasma and magnetic field parameters 
appropriate for the dayside magnetopause. In applying these cases to the dayside 
magnetopause, the magnetopause can be identified as corresponding to the intermediate 
shocks in Case 5 and Case 6 and to the whole reconnection layer hi Case 7. In all three 
cases, the magnetopause boundary layer can be identified as the reconnection layer 
with enhanced plasma flow. The plasma hi the boundary layer comes mainly from the 
magnetosheath side.
Hence, it is suggested that for low and medium f) values, the reconnection layer at 
the dayside magnetopause may be bounded by an intermediate shock on the magne­
tosheath side and a weak slow shock on the magnetospheric side.
6 . The appearance o f intermediate shocks can be attributed to the large differ­
ence in Alfven speeds on the two sides o f the recomiection layer. Both asymmetry 
in plasma density and magnetic field strengths may cause such asymmetry in Alfven 
speeds. Under the typical dayside magnetopause condition, the Alfven speed on the 
magnetospheric side is usually much larger than the Alfven speed in the magnetosheath. 
Hence, an intermediate shock is likely to appear to bound the magnetosheath edge o f 
the reconnection layer while a weak slow shock is possible on the other edge o f the 
reconnection layer.
Finally, the effects o f  /3 and By on the reconnection layer structure are discussed 
below.
The effect o f plasma (3 on the strength o f slow shocks has been studied by Edmiston 
and Kennel [1986], who conducted a parametric survey o f the Rankine-Hugoniot solu­
tions for slow MHD shock waves. They found that, when C\x »  C~AX (or, equivalently,
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the plasma (3 — (2 / 7 )C^1/C ^ 1 ]§> 1), all slow shocks permitted by the evolutionary con­
ditions are weak, where Csl and Cai are the upstream sound speed and Alfven speed, 
respectively. The reason is that, when C 2r »  C 2M , the slow and intermediate MHD 
wave speeds are nearly equal. On the other hand, they found that slow shocks can be 
strong when C 2SI <C C 2Al (or plasma {3 <C 1). Their analytical results are consistent 
with our simulation. In addition, our simulation shows that plasma (3 may also affect 
the intermediate shocks significantly. This later subject is worth further investigation, 
as at the dayside magnetopause the plasma (3 in the magnetosheath varies considerably.
The simulation results presented in this chapter are purely two-dimensional cases 
in which B y -  0. At the dayside magnetopause, it is common that the magnetosheath 
field and geomagnetic field are not strictly antiparallel, namely, By ^  0. In this case, 
rotational discontinuity(ies) may exist to rotate the magnetosheath and magnetospheric 
fields to a common plane.
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Chapter 4. Mechanisms for B y Enhancement in the Current Sheet 
and Magnetic Flux Tubes at the Dayside Magnetopause and in the 
Magnetotail
4.1 Introduction
At the dayside magnetopause, a “bulge-out” feature in the magnetic field vec­
tor hodogram across the magnetopause current layer is observed [Russell and Elphic, 
1978]. In the magnetotail neutral sheet, an enhanced magnetic field B y component is 
often found [Lui, 1984]. In addition, there has been well established evidence that the 
magnetic flux tubes formed in the observed flux transfer events (FTEs) at the dayside 
magnetopause often have strong core magnetic field or guide field [Paschmann et al., 
1982]. Likewise, some o f the magnetic flux tubes found in the magnetotail also reveal 
an enhanced core magnetic field [Elphic et al., 1986; Sibeck et al., 1984]. h i this chapter, 
it will be shown that these observations may be related phenomena and could be ex­
plained by two proposed processes termed in this chapter as: (1) By enhancement in the 
current sheet and (2) B y in the magnetic flux tubes. First, a mechanism is proposed in 
this chapter for the B v enhancement in a current sheet. Second, another mechanism is 
suggested for the enhanced B y flux associated with magnetic flux tubes formed hi such 
a current sheet. Third, to illustrate and support the proposed mechanisms, computer 
simulations are carried out. Finally, the B y enhancement in a current sheet and in 
magnetic flux tubes is applied to explain the observed “bulge-out” feature in magnetic
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field hodograms at the dayside magnetopause, the enhanced dawn-dusk magnetic field 
component in the magnetotail, and the enhanced core magnetic field inside magnetic 
flux tubes.
In Section 4.2, observations o f the “ bulge-out” feature in magnetic field hodograms 
at the dayside magnetopause, the enhancements o f dawn-dusk magnetic fields in the 
magnetotail current sheet, and enhanced core fields in magnetic flux tubes in the mag­
netosphere are presented. Section 4.3 reviews the relevant theories. Section 4.4 proposes 
the mechanism for the B y enhancement in the current sheets while the mechanism for 
the core field enhancement associated with magnetic flux tubes is described in section 
4.5. In both sections 4.4 and 4.5, related MHD simulation results are also presented 
and, on the basis o f the proposed processes and the simulation results, explanations 
are provided for the observations cited above. Section 4.6 concludes the chapter with a 
summary and discussion.
Before continuing to the next section, the following provides a brief topological 
description o f the magnetic field configurations to be used in the studies in this chapter. 
The current sheet structure is first illustrated, followed by a description o f the magnetic 
flux tubes. The key terms B y and core magnetic field used in this chapter will also be 
defined.
W hen two bodies o f magnetized plasma approach close enough, a layer o f cur­
rent or current sheet will be formed at the interface o f these two bodies o f plasma, 
provided that the embedded magnetic fields on the two sides o f  the interface have an 
antiparallel component. Figure 4.1a illustrates the configuration o f a current sheet in 
a two-dimensional geometry. In Figure 4.1a, the magnetic fields B are in the plane o f 
the paper and directed to the right (above the current sheet) and to the left (below the 
current sheet). The current I  hi the current sheet is pointing inward perpendicular to 
the plane o f the paper. W hen magnetic reconnection between the magnetic fields on
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the two sides o f  the current sheet occurs at two sites in the current sheet, a magnetic 
island will be formed as shown in Figure 4.16. In Figure 4.16, the two recomiection 
sites are marked by two cross symbols. Such current sheet structures are found at 
the earth’s dayside magnetopause in the presence o f  a southward interplanetary field 
and in the magnetotail where the magnetic fields in the northern sector and southern 
sector have a large antiparallel component. In Figure 4.1a, if, in addition to the an­
tiparallel component in the plane o f  the paper as shown, the magnetic fields on the two 
sides o f the current sheet also have a common component perpendicular to the plane o f 
the paper, the magnetic field configuration will then be called a sheared one. In real­
ity, the magnetospheric current sheets often are associated with the sheared magnetic 
configurations. Correspondingly, in a current sheet associated with sheared magnetic 
configuration, magnetic flux tubes can be formed as a result o f  magnetic reconnections 
along two recoimection lines (X  lines), whereas in a strictly 2-D current sheet associated 
with only antiparallel magnetic fields, a magnetic island is formed. Hence, the magnetic 
flux tube may be called a 3-D “magnetic island” . In a strictly 2-D configuration, the 
magnetic field at the center o f a current sheet or magnetic island is exactly zero while, in 
a 3-D configuration, it could be finite and in the direction o f the common magnetic field 
component. Figure 4.1c is a sketch o f a magnetic flux tube at the core o f  which exists 
a non-zero magnetic field, referred to as the “ core magnetic field” in the literature.
For convenience o f presentation in this chapter, the common component o f mag­
netic fields associated with a 3-D current sheet configuration (sheared magnetic field 
configuration) and the resultant magnetic flux tube will be defined as the B y compo­
nent. The y direction defined here should not be confused with the y direction in the 
GSM (Geocentric Solar Magnetospheric) coordinates. In the magnetotail, the common 
component o f tail magnetic fields above (north) and below (south) the tail neutral sheet
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Current sheet
(a)
00
Magnetic flux tube 
(c)
Figure 4.1 Schematic illustration of current sheet, magnetic Island, and mag­
netic flux tube, (a) Two-dimensional current sheet. The solid straight lines are 
magnetic field lines in the direction of the arrows. The current I  in the current 
sheet is perpendicular to the paper and directed inward as marked by three 
small circles with cross symbol, (b) Magnetic island formed in a 2-D current 
sheet. The solid lines are magnetic field lines and the two cross symbols mark 
the reconnection sites, (c) Magnetic flux tube with a core field. The heavy lines 
are magnetic field lines on the outer layer of the flux tube and the light lines 
are magnetic field lines near the core of the tube (core field).
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is more or less in the y direction o f the GSM coordinates. However, at the dayside mag­
netopause, the common component o f the interplanetary magnetic field (IM F) and the 
geomagnetic field is not necessarily in the y  direction o f GSM coordinates. Only when 
the IMF is purely southward will the y direction used here coincide with that in the 
GSM coordinates.
4.2 Observations
4-2.1 Microstructures o f  the dayside magnetopause: the "bulge-out” feature
The “bulge-out” feature hi magnetic field vector liodograms across the magne­
topause was reported by Russell and Elphic [1978] in the satellite data from ISEE-1 
and -2  magnetopause crossings. Figure 4.2a shows two typical cases o f magnetic field 
variations across the dayside magnetopause presented in the original Russell and El­
phic [1978] paper. The data in Figure 4.2a was obtained from ISEE-1 and -2 satellites’ 
crossings o f the dayside magnetopause on November 3, 1977. Shown in Figure 4.2a are 
the variations o f the tips o f  magnetic field vectors from the magnetospheric side o f the 
magnetopause current layer to the magnetosheath side. In Figure 4.2a, the letters m 
and s denote the magnetospheric side and magnetosheath side, respectively. Such a 
figure is called a hodogram o f magnetic field vectors. The coordinate system in Figure 
4.2a is the so-called boundary normal coordinates used widely in the presentation o f 
magnetic field data at the dayside magnetopause. Figure 4.26 illustrates the boundary 
normal coordinates. The N  direction is normal to the local magnetopause surface, the 
L direction is the projection o f the Z  direction in the Geocentric Solar Magnetospheric 
(GSM ) coordinates onto the magnetopause surface defined by N , and M  completes the 
right-handed orthogonal system. It is seen in Figure 4.2a that the B n  component (right 
panels) remains almost zero during the crossings, implying a tangential magnetopause
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discontinuity, and the magnetic field vectors in the L-M  plane (left panels) rotate across 
the magnetopause. In the L -M  plane, the magnetic field vector shows a “bulge-out” 
feature. To define the term “bulge-out” , Figure 4.2c illustrates two hodograms o f a 
magnetic field vector, one with a “bulge-out” feature (lower hodogram) and the other 
without (upper hodogram). If the tips o f  the magnetic field vector B  rotating from Side 
1 to Side 2 across the current sheet all fall on a straight line connecting the tips o f the 
two magnetic vectors on Side 1 and Side 2, the structure is called a “non-bulge-out” 
structure. On the other hand, if  the magnetic field vectors in the rotation are all larger 
than those defined by the straight line connecting point 1 and 2, the structure is then 
called a “bulge-out” structure. The “bulge-out” feature o f B l and B m  hodograms as 
shown in Figure 4.2a exists in almost all the ISEE satellites magnetopause crossing 
cases studied by Russell and Elphic [1978] with a southward, northward, or horizontal 
interplanetary magnetic field (IMF) orientation. It is therefore likely to be a common 
feature o f  the dayside magnetopause current layer.
4-2.2 By enhancement in the magnetotail neutral sheet
In the earth’s magnetotail, one o f  the signatures o f the neutral sheet is the existence 
o f  a large dawn-dusk magnetic field component [e.g., Lui, 1984]. The neutral sheet 
in the earth’s magnetotail was discovered almost two decades ago by magnetic field 
measurements from IMP 1 [Ness, 1965]. The neutral sheet was recognized as the region 
in which the magnetic field orientation reverses from pointing sunward to tailward or 
vice versa. For a group o f multiple neutral sheet crossings, it is often found that the By 
(dawn-dusk) component o f the magnetic field is nonzero and maintains the same sign 
throughout all crossings. Investigations o f the relationship of the By component in the 
magnetotail and in the interplanetary magnetic field (IM F) reveal that B y in the tail
198
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( a )
Figure 4.2 (a) Hodogram of high resolution magnetic field data in boundary 
normal coordinates across the magnetopause [Russell and Elphic, 1978]. 
s and m  denote the magnetosheath side and magnetospheric side, respec­
tively. The upper panel shows the measurements by ISEE-1 and the lower 
panel by ISEE-2 . B l, Bm> and B n  are magnetic field L, M , and N  com­
ponents, respectively, where N  Is In the normal direction of the local magne­
topause surface.
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Boundary Normal Coordinates 
N  is normal to the magnetopause
M  =
\N x Z g s m I
(b)
Figure 4.2 (b) The definition of boundary normal coordinates. N  is normal to 
the local magnetopause surface, the L direction Is the projection of the Z q s m  
component on the magnetopause surface defined by N, and M  completes the 
right-hand orthogonal system [Berchem and Russell, 1982].
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By
Non- “bulge-out”
By
“bulge-out”
(c)
Figure 4.2 (c) Schematic Illustration of hodograms with and without a "bulge- 
out" feature. Numeral 1 and 2 denote Side 1 and Side 2 of a current sheet 
where magnetic fields are B i and B 2. respectively. The heavy arrows are 
magnetic field vectors and the light arrows Indicate the direction of rotation 
of magnetic vectors across the current sheet. The curves connecting point 1 
and point 2 are traces of the tips of the rotating magnetic field vector. The 
upper hodogram does not have a bulge-out feature, while the lower one is a 
“bulge-ouf hodogram.
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is correlated to the B y in the IMF [King, 1977; Fairfield, 1979; Tsurutani et al., 1984], 
Fairfield [1979] has examined the dawn-dusk field component in the earth’s magnetotail 
based on IMP 6 measurements. When the effects o f  tail flaring and aberration o f the tail 
axis are subtracted, it is found that the residual By component is correlated statistically 
with the interplanetary B y component by
B y(tail) =  0 .l3 B y(interplanetary) -  0.30nr. (4.1)
Equation (4.1) suggests that the dawn-dusk component o f the interplanetary magnetic 
field penetrates partially (~  13%) into the magnetotail. Earlier, King [1977] also studied 
the correlation o f the dawn-dusk magnetic field component in the neutral sheet and in 
that o f the interplanetary magnetic field. Figure 4.3 shows a scatter plot between the 
averaged B y component in multiple neutral sheet crossings ( Byx ) versus the hourly 
averaged dawn-dusk component o f the interplanetary magnetic field ( Byi p ) taken from 
King [1977]. A linear regression fit (straight line) gives
B y(tail) — (0.5 ±  0.1) By(interplanetary) — (0.5 ±  0.2)nT, (4-2)
with a correlation coefficient o f 0.6 (the slope o f the fitted straight line) while the cor­
relation coefficient in Fairfield’s [1979] study is only 0.13 (see (4.1)). Lui [1984] pointed 
out that the correlation found by Fairfield is based on magnetic field measurements 
over the entire magnetotail sampled by IMP 6 and thus includes tail regions outside 
the neutral sheet, whereas King’s result is derived from data in the neutral sheet only. 
Equation (4.2) implies that about 50% o f the B y component o f  the interplanetary mag­
netic field penetrates into the neutral sheet region. Noting this difference, Lui [1984]
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suggested that the dawn-dusk component o f the interplanetary magnetic field (B y) is 
enhanced in the neutral sheet o f the magnetotail.
4-2.3 Core field associated with magnetic flux tubes
At the dayside magnetopause, the observed flux transfer events (FTEs) are now widely 
accepted as evidence in support o f  the dayside sporadic magnetic reconnections. As 
reviewed in Chapter 1, various dayside reconnection models have been proposed in the 
process o f interpreting FTEs. In Russell and Elphic’s [1978] model, FTEs are envisaged 
as passages o f  magnetic flux tubes resulting from patchy reconnections. Lee and Fu 
[1985] proposed an alternative model which predicts that in the presence o f a southward 
interplanetary magnetic field with a finite B y component, multiple X-line reconnections 
can lead to the formation o f magnetic flux tubes at the dayside magnetopause. The 
subsequent poleward convection o f  these magnetic flux tubes produces magnetic field 
deflections which may be observed as FTEs. In both Russell and Elphic and Lee and 
Fu’s models, FTEs are related closely to localized magnetic flux tubes. In Scholer 
and Southwood et al.’s model, FTE signatures are suggested to be produced by bursty 
reconnection at a single X  line extended over a large longitudinal segment o f the dayside 
magnetopause. In the presence o f finite B v in the interplanetary magnetic field, the 
single X-line bursty reconnection gives rise to a loop-like structures twisted in the y 
direction. The loop-like structure in this model is similar to magnetic flux tubes in 
the Lee-Fu model except that the loops are closed in the Lee-Fu model due to double 
reconnections.
One o f the observational facts o f  FTEs is that the magnetic field strength often 
shows a clear increase at the center o f FTEs. Figure 4.4 shows an example o f FTE 
observations with the an increased B  feature. Shown in Figure 4.4 are the variations
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Figure 4.3 A plot of the average B y component in multiple neutral sheet 
crossings {B yr )  versus the hourly B y component of the interplanetary mag­
netic field (B yip ) at the corresponding time. A linear correlation is indicated, 
suggesting that about 50% of the B y component of the interplanetary magnetic 
field penetrates into the neutral sheet region [King, 1977].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
o f the magnetic field as a function o f time. B e , Bm , and B n  are the L, M , and N 
components o f the magnetic field in the boundary normal system (see Figure 4.2c for 
a illustration), respectively, while |2?| is the magnitude o f the magnetic field. It can 
be seen in Figure 4.4 that the three bipolar B n  pulses (FTEs) at U T~ 1421, 1442, 
and 1454 correspond to three peaks in the magnetic field magnitude |J3|. This feature 
has been attributed to a strong core magnetic field inside the FTE magnetic flux tubes 
[e.g., Paschmann et al., 1982],
In the magnetotail, the existence o f B y within the plasmoids has been confirmed 
[Hones et al., 1982; Sibeck et al., 1984; Scholer et al., 1985; Richardson and Cowley, 
1985; Elphic et al., 1986; Nishida et al., 1986]. The existence o f B y in plasmoids requires 
the conventional plane picture o f plasmoids to be extended to a 3-dimensional structure, 
leading to the flux tubes picture. In search o f the origin o f By in the plasmoids, 
Hughes and Sibeck [1987] compared observations o f B y within plasmoids and related 
tail structures reported in the literature with simultaneous upstream IMF B y data from 
the IMF data book. They concluded that the By within plasmoids may also result from 
the penetration o f IM F B y. In particular, magnetic field observations on ISEE-1 and 
-2 in and near the neutral sheet about 20 R e  down th near-Earth magnetotail [Elphic 
et al., 1986] reveal the occurrence o f structures resembling magnetic flux ropes with 
scale size o f roughly 3-5 R e  ■ The structure o f these magnetic flux ropes was found to 
be strikingly similar to that o f flux transfer events at the dayside magnetopause. In 
addition, a large core field was seen inside these flux ropes. Figure 4.5 shows the actual 
observational data from ISEE satellites [Elphic et al., 1986]. In Figure 4.5, B x , B y , and 
B z are the three components o f  the magnetic field in Geocentric Solar Magnetospheric 
coordinates, |S| is the magnitude o f the magnetic field, and V i  is the inferred E X B 
flow velocity. One magnetic flux rope structure at UT~1922 can be identified by a 
negative-positive bipolar structure o f  B z. Note that at the center o f the bipolar B z
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Figure 4.4 Data from ISEE 1 for a one-hour period on 29 November 1977, 
showing 3 FTEs, numbered 1-3, all located in the magnetosheath. There are 
five magnetopause crossings, the first at ~  1456.30UT, identified by the large 
increase in B £. B^, Bm> and 5 tv are magnetic field components in L, M , 
and N  directions of the boundary normal coordinates. |5 |  is the strength of 
magnetic field. The spacecraft location In terms of geocentric radial distance 
R and GSM local time and latitude during this interval was approximately 12 
R e , 0830 hours, and 22°, respectively [Paschmann et al., 1982].
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structure, B y becomes large in the negative y (dusk-dawn) direction, suggesting a large 
core magnetic lield in the magnetic flux ropes.
4.3 Brief Reviews of the Relevant Theories
The observed “bulge-out” feature in B  vector hodograms in the dayside magnetopause 
has been studied by Lee and Kan [1979]. In Lee and Kan’s work, a self-consistent model 
o f the tangential magnetopause is formulated on the basis o f the time-independent 
Vlasov-Maxwell equations. In their model, plasmas on both sides are magnetized; the 
magnetic field is assumed everywhere parallel to the magnetopause and is allowed to 
rotate through an arbitrary angle across the magnetopause. Figure 4.6 is one case 
they obtained showing the rotation o f the magnetic field across the magnetopause (or 
magnetic field hodogram in y-z  plane), where B z and B y are z  and y components 
o f  the magnetic field in the Geocentric Solar Magnetospheric coordinates, Bo is the 
normalization unit, S and M  denote the magnetosheath side and magnetospheric side, 
respectively. The bulge-out feature o f  the magnetic field vector similar to that observed 
by ISEE satellites (see Figure 4.2a) can be clearly seen in Figure 4.6. These authors 
have attributed the bulge-out feature in the magnetic field hodogram produced in their 
model magnetopause to the lack o f overlap between plasmas from the two sides o f the 
dayside magnetopause. Lee and Kan's [1979] work demonstrated that magnetic field 
structures with a “bulge-out” feature in B  vector hodogram are possible steady-state 
configurations o f the dayside magnetopause. However, their work did not answer the 
question o f how tins state is reached, which is one o f the topics o f  this chapter.
In the framework o f the single X-line bursty reconnection model (see Chapter 1 for 
a review), Scholer [19886] proposed a sweeping-up mechanism for the observed core field 
enhancement in flux transfer events (FTEs) at the dayside magnetopause. His proposed
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Figure 4.5 Detail of magnetic field and Inferred E  X B velocities in GSM 
coordinates for the ITT~1922 event. Note the bipolar signature In B z  and 
the large —B y excursion centered on it. A strong (500 km/s) earthward flow 
carries the structure past the spacecraft [Elphic et al., 1986].
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Figure 4.6 Theoretical hodogram of a magnetic field vector across the mag­
netopause obtained by Lee and Kan [1979]. s and m  denote the mag­
netosheath side and magnetospheric side, respectively. The coordinates are 
the GSM coordinates. Bo is the normalization unit of the magnetic field In the 
calculation.
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process o f  core field enhancement is illustrated in Figure 4.7, where the plane marks 
the magnetopause boundary, B 2 and B j are magnetic fields on the magnetospheric and 
magnetosheath sides, respectively, and B mpo is the magnetic field in the direction o f the 
common component o f  B 2 and B i ,  or B mpo is perpendicular to A B  =  B 2 -  B i [e.g., 
Sonnerup, 1976]. This magnetopause field, B mp0, is zero only when the magnetosheath 
and magnetospheric field is exactly antiparallel. In the single X-line bursty reconnection 
model o f FTEs, the open-ended loops as shown in Figure 4.7 are produced after the 
magnetic flux comprising the original magnetopause has been reconnected and IMF 
becomes connected to the geomagnetic field. Due to the Maxwell stresses produced 
by the bending o f loop field lines, the loops will move along the magnetopause away 
from the X  line (upward in Figure 4.7). As long as the speed o f the loops exceeds the 
ambient flow speed o f  plasma in the magnetopause, the magnetopause field B mpo will 
get swept up in the interior o f the loop. Noting that the loops are distributed over a large 
longitudinal segment corresponding to the length o f the X  line, Scholer suggested that 
the sweeping-up process o f the magnetopause field may lead to a continuously increase of 
magnetic field in the center o f the loops, which may constitute the strong core magnetic 
field in FTEs. Along this line o f  argument, Scholer predicted that neither the Russell- 
Elphic connected tube m odel nor the Lee-Fu multiple X  fine reconnection model can 
account for an enhancement o f  the core magnetic field strength since the magnetic flux 
tubes formed in the Russell-Elpliic and the Lee-Fu models are closed instead o f open 
loops in Scholer’s model. The work presented in this chapter is motivated partly by 
tins latter assertion o f Scholer’s. It will be shown in this chapter that an enhancement 
o f the core field is also possible in closed magnetic flux tubes.
However, for the enhanced By in the magnetotail neutral sheet and magnetic flux 
ropes as discovered by Elphic et al. [1986], so far no theoretical explanations have been 
given. On the other hand, much o f the emphasis in theoretical work concerning the
210
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B ,mpo
Figure 4.7 Schematic drawing of part of the magnetopause after bursty re­
connection at a single X line has produced magnetic field loops over some 
longitudinal distance. Two loops connecting the magnetosheath field B i and 
the magnetospheric field B 2 are shown. During their northward motion, these 
loops collect the magnetopause field B mpo [Scholer, 19886],
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By in the magnetotail has been on the origin of magnetotail By and its significance in 
plasma processes in the magnetotail. Cowley [1981] suggested that by flux conservation 
an internal By field having the same sign as the IMF By must be present in the tail 
lobes. He attributed the presence of B y to the penetration o f IMF B y as a result o f the 
magnetospheric relaxation in response to the torque produced by dayside reconnection. 
Sibeck [1985] argued that the penetration o f the IMF B y into the tail may be a conse­
quence o f the interconnection o f magnetotail and magnetosheath field lines vitliin the 
latitudinally limited “window” [Stem, 1973] where the magnetopause is a rotational 
discontinuity. The existence o f a significant By in the plasma sheet was also noted by 
Akasofu et al. [1978] who found that this B y often varies systematically with B z, and 
therefore a 3-D analysis o f  the magnetic fields in the magnetotail is needed.
4 .4  M ech a n ism  o f  B y E n h an cem en t in the Current Sheet 
4-4-1 Mechanism
As mentioned in section 4.2, the magnetic field hodograms o f the dayside mag­
netopause obtained from ISEE magnetopause crossings have revealed a “bulge-out” 
feature [e.g., Russell and Elphic, 1978] and an enhancement o f the B y component was 
observed in the magnetotail neutral sheet [Lui , 1984]. It will be shown in this section 
that the bulge-out feature in the magnetic field hodogram o f the dayside magnetopause 
can be explained by the same B y enhancement process as in the magnetotail neutral 
sheet. In the following, a mechanism will be proposed for the B y enhancement in the 
magnetopause and magnetotail current sheets.
First, we consider the B y enhancement at the dayside magnetopause. Suppose that 
the current sheet has initially a sheared magnetic field configuration with a finite B y
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component as given by
B(a:) =  B 0ztanh(x/a)z  +  B0yy ,  (4.3)
where a is the thickness o f  the current sheet and B0z and B0y are constants. Note that 
the coordinates are not exactly Geocentric-Solar-Magnetospheric (GSM ) coordinates. 
In (4.3), the antiparallel component of the magnetic field is in the 2-direction and the 
common component o f  the magnetic field is in the y-direction. The rotation o f the 
magnetic field vector B  across the current sheet represented by (4.3) is shown in Figure 
4.8. In the present symmetric case, since a constant is assumed, the hodogram of 
the current sheet is a non-“bulge-out” one as can be seen in Figure 4.8. Hence, if the By 
at the center o f the current sheet is increased while B y on the two sides o f the current 
sheet remains more or less unchanged, a bulge-out in the magnetic field hodogram will 
appear. At the dayside magnetopause, the magnetic field structure with a bulge-out 
feature in its hodogram has been shown by Lee and Kan  [1979] to be a stable state. A 
process is suggested in the following that can lead to such a state. For the symmetric 
configurations described in (4.3), if magnetic fields on both sides o f  the current sheet 
are carried by impinging plasma flows toward the current sheet, one would expect, in 
the absence o f magnetic reconnection, a pile-up o f magnetic fields in the current sheet. 
One would also expect that the incoming plasma, upon reaching the current sheet, 
will be deflected and move out along the magnetic field lines. In the case o f dayside 
magnetopause, a pile-up o f magnetic field near the subsolar point is expected and, as 
pointed out by Lees [1964] and Zwan and W olf [1976], the solar wind plasma at the 
dayside magnetopause is likely to be squeezed out o f the dayside region by the solar wind 
ram pressure along magnetic field lines. Therefore, near the central plane o f the current 
sheet (a; =  0 where B .  =  0), plasma is expected to flow along magnetic field lines, which 
are in the ^-direction, and move out o f  the subsolar region. However, the field-aligned
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plasma flow will not carry the magnetic field away. As a consequence, the pile-up o f 
the magnetic field and the squeeze-out o f plasma at the dayside magnetopause will lead 
to the enhancement o f B y in the dayside current sheet. The process suggested here for 
B y enhancement in the current sheet seems simple and intuitive. The key factor in this 
mechanism is the time scale for the magnetic field pile-up. Note that a significant and 
observable pile-up o f the magnetic field would require that the characteristic time (rp) 
for magnetic field pile-up be less than the convection time (rc) during which magnetic 
fields are convected out o f the dayside magnetopause region by perpendicular plasma 
flows. One objective o f  the simulations below is to show that the pile-up time rp is 
usually small and, therefore, this last requirement is in fact easily satisfied.
It is therefore suggested that the pile-up and squeezing process as described above 
may account for the By enhancement in the magnetopause and likewise, in the magne­
totail current sheet. At the dayside magnetopause, the interplanetary magnetic fields 
(IM F) carried by the solar wind toward the dayside region is often observed to have a 
finite By component. Similarly, in the magnetotail lobe region, a finite By component 
is also observed (see observations cited in section 4.2). It is therefore possible that 
the driving force caused by the cross-tail electric field in the magnetotail lobe region 
would lead to the B y enhancement in the tail neutral sheet. To demonstrate tills, MHD 
simulations were carried out and are presented below.
4-4-2 Simulation
Figure 4.9 illustrates schematically the simulation setup. The simulation is two-dimensional. 
In the chosen simulation plane, the x-y  plane, a sheared magnetic field configuration 
represented by (4.3) is specified at t =  0. Hence the distribution o f the magnetic field 
component (B y) in the simulation plane is uniform at time t =  0 while the current
214
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By
Figure 4.8 Rotation of magnetic field vector B from Side 1 to Side 2 in a 
symmetric sheared magnetic field configuration represented by equation (4.3). 
The direction of the common component of the sheared configuration Is y  and 
z  is the direction of the antiparaiiel component. Numeral 1 and 2 denote side 
1 and side 2 of the current sheet. Bo is the strength of magnetic field outside 
the current sheet and $ is the angle between the two magnetic field vectors on 
side 1 and side 2.
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sheet structure is produced by the antiparallel component o f the magnetic field (B z). 
Plasma flows are then imposed on the two sides o f the current sheet or on the two driven 
boundaries o f the simulation domain. Along with the plasma flows, the embedded mag­
netic field, which lies initially outside the current sheet, will be carried in towards the 
current sheet from the two driven boundaries. As time goes on, B y will pile up in the 
current sheet while the incoming plasma exits the simulation region approximately in 
the positive and negative x direction. Note that since the antiparallel component B z o f 
the magnetic field B  is perpendicular to the simulation domain, magnetic reconnection 
will not occur as we intend (B v enhancement in a tangential discontinuity boundary is 
the subject o f interest here). In the following a detailed description o f  the simulation 
m ethod is given.
The simulation domain is a rectangular box in the x-y  plane extending in x direction 
from - L x to Lx and in y  direction from —Ly to Ly. In the case o f dayside magnetopause, 
x  is in the anti-sunward direction and y the dusk-dawn direction. In the case o f the 
magnetotail neutral sheet, x is in the southward direction and y in the dusk-dawn 
direction. In simulation planes thus chosen, the antiparallel component o f magnetic 
fields is always in the z  direction.
A  two-dimensional compressible MHD code is used to simulate the pile-up o f mag­
netic fields and the squeezing o f plasmas at the current sheet. Hereinafter, the magnetic 
field, density, velocity, pressure, length, current density, resistivity, and time are ex­
pressed in imits o f  B0, Po, Alfven speed VA0 — Bo/y/poPo, B*/po, H(>/poa, po<iVAo, 
and Alfven transit time tA =  a/VAo, respectively, where B0 and p0 are the initial 
magnetic field strength and density outside the initial current sheet, which has a half
216
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C = >
plasma flow plasma flow
t >  0
Figure 4.9 Schematic illustration of simulation setup. At time t =  0, the 
current sheet structure is produced by the antiparallel component B z of the 
magnetic sheared configuration. The profile of B z Is shown on top. In the x-y 
plane (the simulation plane) the magnetic field (heavy lines with arrows) are 
Initially uniform. Plasma flows (represented by the hollow arrows) are Imposed 
o r  the two sides of the current sheet. At f >  0, plle-up of magnetic field occurs 
at the center of the current sheet while plasma Is being squeezed out In the y 
direction.
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thickness a, respectively, and po is the magnetic permeability in free space. The gov­
erning equations used are
where p, v , p, B , j ,  e, and 77, are plasma density, velocity, pressure, magnetic field, 
current density, energy density, and resistivity, respectively. Current density j ,  energy 
e, and energy flux S, are defined as follows
where 7  is the adiabatic constant chosen to be 7  =  5/3. Equations (4.4)-(4.10) are 
expressed in normalized form. The finite differencing scheme for (4.4) to (4.7) is the 
same as used in Chapter 3 (see Appendix).
An initial plasma and magnetic field configuration, which varies only in the direc­
tion (the x  direction) across the current sheet, is given by (4.3). For convenience, two 
quantities 6l and B 0 are introduced, where 6l is the angle between the magnetic field 
vectors on each side o f  the current sheet and Bq is the magnetic field strength on the 
two sides o f  the current sheet (as illustrated in Figure 4.8). In terms o f 6l and Bo, we 
have Boz -  sin (6L/2)B0 and B0y =  cos(0L/2)Bo in (4.3). Figure 4.10a is a schematic 
sketch o f the initial magnetic field configuration in the simulation domain. Figures 4.106 
and c are the initial magnetic field configuration viewed along the y direction and the x
(4.4)
(4.5)
—  =  V x  (v  x B ) -  V  x 77j (4.6)
(4.7)
j  =  V x B (4.8)
S =  (e +  P  +  T ) v - ( B - v ) B  +  77j x B (4.9)
(4.10)
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direction in the plane o f the simulation domain, respectively. For an initial equilibrium, 
the initial pressure distribution is prescribed as
PW = + 1) -  (4-11)
where (3 is the ratio o f  gas pressure to magnetic pressure at the simulation boundaries
(e  =  ± L X). The initial plasma velocity is set to zero everywhere in the simulation box.
Different initial density profiles are used for the three simulation cases below.
For t >  0, driven boundary conditions are imposed on the two boundaries at x =
± L X. The incoming speed o f the plasmas at the driven boundaries are perpendicular
to the driven boundaries and are specified by
f K 1 -  y/Lv)vino, if V > Ly/*', 
vin{y ) =  {  Wino, if  - £ » /4  <  y <  Lv/4 ; (4 1 2 )
[  |(1 +  y/Ly)vin(), if  y < - L y/4,
where Vino denotes the incoming speed at the center o f the driven boundaries. In
addition, on the driven boundaries, the plasma mass density, pressure, and magnetic
field Poynting flux are kept at their initial values. The boundaries at y =  ± L y are
“free,” meaning that the derivative o f each quantity in the boundary normal direction
is set to zero. Since only symmetric cases are considered, the actual calculation is
conducted in one quadrant o f the domain and, therefore, the boundaries at e= 0 and
y  =  0 are symmetric ones. The grid points used in this calculated quadrant are 52x72.
Three simulation cases are presented in the following. For Case A  and Case B, a
large (3 value is used. In Case C, a small (3 and a small initial B y are used. Results from
Case A  and Case B may be applicable to the magnetopause, while Case C is applicable
to the magnetotail current sheet. For all simulation cases in section 4.4, the scales o f
the simulation domain are chosen as Lx — 5a and Ly — 28a.
219
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(a)
Figure 4.10 Initial sheared magnetic configuration in the simulation. (a) 
A 3-D perspective view, where the vectors (heavy straight lines with arrow 
heads) are magnetic field vectors on the two sides of the current sheet and 
the simulation plane is the x-y  plane; (b) configuration viewed in the positive 
y  direction; (c) configuration viewed In the positive x  direction.
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Case A
In Case A , the magnetic field across the current sheet has a large antiparallel component. 
This case corresponds to a large southward component in the interplanetary magnetic 
field. For the initial magnetic field configuration expressed by (4.3), Boy/Boz =  0.27 or, 
equivalently, 6l =  130° is chosen. The inflow speed Vino =  0.2VAn and f3 =  1 is used. 
The initial density profile is specified as
p (x )= p (x )/ T 0 (4.13)
where T» is a constant. Hence, the distribution in (4.13) is one with a constant tem­
perature.
Under the driven boundary conditions, enhancement o f B y in the current sheet 
is observed as time goes on. Figures 4.11a and b are the 3-D profile o f By in the 
simulation plane (x-y  plane) at times t — 0 and 30t^, respectively. At t =  0, B y is 
uniformly distributed in the simulation domain. By t =  6 0 ^ , an enhanced By region 
has appeared in the central area o f the current sheet.
Figure 4.12 shows the plasma flow pattern and the corresponding magnetic field at 
t =  60t^. The magnetic field is highly compressed and enhanced in the current sheet. 
W hile the magnetic flux is being piled up in the current sheet region, the incoming 
plasmas are seen to be squeezed out o f the simulation box approximately along the 
magnetic field lines. Note that in the present 2-D simulation, the incoming magnetic 
flux cannot be convected outward perpendicular to the simulation plane. In the actual 
situation, the magnetic field lines may be convected outward in the z- direction. The 
effect o f the convection in the z-direction will impose an upper limit on the pile-up time 
t p . This 3-D effect will be discussed later.
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Figure 4.11 3-D B y profiles In the y-x  plane for Case A (a) at time t =  0 
and (b) at t =  60t>t.
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Figure 4.12 Magnetic field configuration and plasma flow patterns in the x-y 
plane at t =  60f a  fw Case A. (a) Magnetic field lines, (b) Velocity vectors 
(the direction of the arrows is the direction of the velocity vectors and the length 
of the arrows is proportional to the magnitude of the velocity vectors).
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Figure 4.13 shows the hodogram of the magnetic field in the y-z  plane and the 
corresponding By component across the central line (y  =  0) o f the simulation box at 
t =  60tA. The hodogram in Figure 4.13a shows a “bulge-out” feature similar to that 
observed by ISEE satellites [Russell and Elphic, 1978] for a tangential magnetopause. 
From Figure 4.13, it is seen that at the center o f the simulation region, B y readies a 
value almost twice the value at the incoming boundaries.
Figure 4.14a shows the density profile at y =  0 for t =  0 and t =  60t^- It is 
interesting to note in Figure 4.14a that the plasma density at the center o f the current 
sheet has been depleted considerably by t =  604,4- The peak density at t =  0 is 1.8po, 
which is reduced to 1.3po by t — 604,4 (a decrease o f ~  29%). This depletion process in 
the region near the dayside magnetopause has been predicted and studied by Lees [1964] 
and Zwan and TFo//[1976]. They attributed the depletion to the squeezing o f solar wind 
plasma along the interplanetary field lines in the absence o f magnetic reconnection.
Case B
Case B is used to demonstrate that the squeezing and depletion o f  plasma in the current 
sheet region is a fundamental process independent o f the initial density distribution. In 
Case B, all the parameters are the same as in Case A  except that the initial density 
profile is changed to
p (x) =  p0. (4.14)
Similar to Case A, an enhancement o f the B y component is observed in Case B. 
The magnetic field hodogram and profiles o f  B y are also similar to those in Case A both 
quantitatively and qualitatively. Figure 4.146 shows the density profiles at y =  0 for 
t — 0 and t =  604,4. The depletion o f plasmas in the current sheet again is clearly seen.
224
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t =  60t ,4 y =  o 
Bv/B0
(a )
t =  60fA y =  0
Figure 4.13 (a) Hodogram of magnetic vector across the current sheet at 
y =  0 and t — 60f^ in Case A; (b) B y profile across the current sheet at 
y =  0 and i =  60f a  In Case A.
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The plasma density decreases from pa to 0.75po at a: =  0 by t =  6 0 (a reduction of 
25% ).
Case C
In Case C, the By enhancement process is simulated in a situation similar to that in 
the magnetotail neutral sheet region. For Case C, the initial density profile is
p{x) =  p0[l +  2sech2 (x / a)]. (4.15)
Equation (4.15) gives a density ratio o f ~1:3 at x =  ± 5a  and x =  0, since the plasma 
density hi the magnetotail neutral sheet is usually higher than plasma density in the 
lobe region. A small f3 (=0.1) is used . In addition, since the lobe By component is 
observed to be very small, a large initial angle between the two magnetic vectors at 
each side o f the current sheet is used: Boy/Baz =  0.05 or 6l =  174°.
Figure 4.15 shows the the hodogram of the magnetic vector and the B y profile 
across the neutral sheet (going from north to the south) at t =  6 0 and y =  0 for 
Case C. The reader is reminded that in the magnetotail situation, the z-axis in the 
simulation is in the southward direction and the y-axis is in the dawn-dusk direction. It 
is found in Case C that the relative enhancement o f B y in the current sheet as compared 
to the bomidary By is larger than that in both Case A and B (dayside situation). This 
difference can be clearly seen by comparing By profiles o f Case A and Case C at t =  60t^ 
(Figure 4.136 and Figure 4.156). Let R  denote the ratio o f B y in the current sheet to B y 
outside the current sheet (near the simulation boundaries x =  ±5a ). Then at f =  60tA, 
R  ~  4 for Case C and R ~  2 for Case A. Relative to the initial value, B y also shows a 
larger percentage o f enhancement in Case C than in Case A. In Case C, the initial large 
angle 6l — 174° corresponds to a small B y =  0.05f?o- By t =  60<a the peak value o f
226
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t =  0 y =  0 t =  60fx y =  0
(a)
f  =  60«j4 y =  0
x/a
(b)
Figure 4.14 Plasma density profiles across the current sheet at y  =  0 and
t =  0, 60fyi In Case A and Case B (a) Case A; (b) Case B.
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By in the current sheet increases to 0.5, a 900% increase. On the other hand, in Case 
A, the initial value o f By with 0L =  130" is ~  0.4f?o whereas the peak value o f  By at 
t =  60tA (Figure 4.136) is ~  1.6B 0, only a 300% increase.
The hodogram in Figure 4.15a is also different from hodograms o f large (3 cases. 
The hodogram in Figure 4.15a indicates that when By increases, B z remains almost 
unchanged.
4-4-3 By enhancement at the dayside magnetopause and in the magnetotail neutral sheet
The earth’s dayside magnetopause is a boundary that separates the external solar wind 
flow from the geomagnetic fields (for a review o f solar wind-magnetosphere interaction, 
see Spreiter and Alksne [1969]). The constant solar wind flow carries the interplanetary 
magnetic fields (IM F) towards the dayside magnetopause region. In the case o f a 
tangential discontinuity magnetopause boundary, the IMF flux will be convected by 
the divergent solar wind flow sideward over the magnetosphere surface away from the 
dayside magnetopause region. Meanwhile, since the gas pressure o f the solar wind 
flow is much greater than the magnetic pressure o f  the IMF in the region immediately 
in front o f  the magnetopause surface, the interplanetary magnetic field is compressed 
against the magnetopause surface, leading to a pile-up o f IMF flux. In the case o f  an 
IMF with a finite By (dawn to dusk) component, the pile-up will lead to an increase o f 
the By intensity near or in the magnetopause current sheet. However, the increase in 
By intensity due to compression or pile-up is regulated by the convection time t,: o f the 
IMF flux moving away from the subsolar point region out o f the magnetopause region. 
I f rp is taken as the characteristic time for the IMF flux pile-up, a significant increase 
in By in the magnetopause current sheet would require that rp be less than rc.
228
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t =  60 tA y =  0
B y / B0
B J B o
( a )
t =  6 0 ^  y  =  0
Figure 4.15 (a) Hodogram of magnetic vector across the current sheet at 
y =  0 and t =  in Case C; (b) B y profile across the current sheet at 
y =  0 and t =  60i^ In Case C.
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In Case A  and Case B o f the simulation, By in the current sheet is observed to 
increase to a value more than twice as high as the ambient By in 50-60 Alfven transit 
times ( tj )^ with an inflow speed o f 0.2Vao- At the dayside magnetopause, the Alfven 
transit time calculated on the basis o f the magnetopause current sheet thickness and 
local Alfven speed can be estimated to be ~5 sec (based on a magnetic field value 
B  ~  30 nT , plasma number density n ~  5-20 cm - 3 , and a current sheet thickness of 
~  200-500 km). If the convection speed o f the IMF flux around the magnetopause is 
taken to be 100-200 km /sec, it would take 300-600 sec to travel a distance o f 10 R e 
(where R e is the earth radius), the scale size o f the dayside magnetopause. Therefore, 
it is possible that a significant Bv enhancement can occur in the dayside magnetopause. 
Tins enhancement o f  By will explain naturally the “bulge-out” feature in the observed 
hodograms o f magnetic vectors for a tangential discontinuity magnetopause [Russell 
and Elphic, 1978]. It should be noted that the data presentation in Russell and Elphic 
is based on the boundary normal coordinate system (such representation o f magnetic 
variations in local coordinates was pioneered by Sonnerup and Cahill [1967] through the 
use o f  the minimum variance technique). A  detailed comparison requires the transfor­
mation o f the present simulation data into the bomidary normal coordinates. However, 
in the case o f  a large southward component o f the IMF, the boundary normal coordi­
nate system nearly coincides with the solar-magnetosphere coordinate system near the 
subsolar point. Hence it is reasonable to believe that the observed B y enhancement in 
the magnetopause current sheet may be the consequence of the compression o f the IMF 
against the magnetopause surface in the absence o f  magnetic recomiection.
Simulation Case C is a case with a small (3 (/3 =  0.1) which is applicable to the 
magnetotail. Case C shows that the By enhancement observed in the magnetotail 
neutral sheet may also result from the same pile-up and squeeze process as suggested 
above. King's [1977] results (see section 4.2) suggested a penetration o f 50% of IMF
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By into the neutral sheet whereas Fairfield's [1979] analysis (see section 4.2) indicates 
a penetration o f 13% of IMF B y into the whole magnetotail. From their results, it is 
expected that the ratio o f B y in the neutral sheet to that in the lobe region should be ~  
2 -3 . In Case C, this ratio is about 4 at t =  60t>i (see Figure 4.156). If tA ^  10s is used 
(estimated based on the neutral sheet half thickness a ~  104 km and Alfven velocity 
near the tail neutral sheet Vao — 1000 km /s), Case C suggests that it takes less than 10 
minutes (604a) to reach the observed ratio o f enhancement in B y . In addition, compared 
to the dayside magnetopause situation, the convection motion o f  the magnetic field fines 
in the magnetotail is negligible or the convection characteristic time t>. is large. This 
fact also favors the pile-up and squeeze mechanism for B y enhancement in the tail 
neutral sheet.
Finally, note that the inflow speed at the incoming boundary for all the above three 
simulation cases is uin0 =  0.2Vio- The magnitude o f this inflow speed is appropriate 
for the dayside magnetopause situation but may be a few times larger than the real 
convection flow speed in the magnetotail corresponding to the dawn-dusk convection 
electric field. Hence, the actual pile-up o f B y hi the magnetotail neutral sheet may take 
longer than estimated above.
4.5 Enhancement of Core Field Associated W ith  Flux Transfer Events and 
Plasmoids In the Magnetotail
4-5.1 Mechanism
To explain the origin o f strong core fields often observed in flux transfer events 
(FTEs) at the dayside magnetopause and in plasmoids in the magnetotail, a possible 
mechanism is proposed in the following:
231
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In section 4.2, it was pointed out that an enhanced By component is often observed 
in the magnetopause and magnetotail current sheets and the simulation presented in 
section 4.4 shows that such enhancement o f  the B y component may be a direct result 
o f  the driven process in the absence o f  magneti recomiection, or may be the result 
o f  the penetration o f  the interplanetary magnetic field B y component into the dayside 
magnetopause and the penetration o f the lobe B y component into the magnetotail 
neutral sheet. Suppose that the recoimection is initiated in such a current sheet with an 
enhanced B y component. The initial By flux in the current sheet will be redistributed 
due to the breakup o f the current sheet by magnetic reconnection. The simulation 
presented below shows that the redistribution o f the B y flux proceeds in such a way 
that By flux at the reconnection point is removed and lumped into the magnetic island 
or plasmoid (a helical flux tube in the 3-D configuration). This would lead to an 
enhanced B y in the magnetic island or flux tube and, at the same time, a reduced By 
around the reconnection pohit. Therefore, By in the magnetic island (or flux tube) 
will be greater than in the surrounding region due to such redistribution. A  further 
enhancement o f the core field {B y) can be obtained by the squeezing o f plasma out 
o f the helical magnetic flux tube along the tube axis or the core field. The squeezing 
is caused by the inward pinch produced by the azimuthal component o f magnetic flux 
tubes. The escape o f  plasma along the magnetic flux tubes will reduce the thermal 
pressure inside the flux tubes, and, consequently, will facilitate the gathering o f core 
fields towards the center o f the tubes, eventually further increasing the intensity o f  the 
core field.
4-5.2 Simulation
Again a 2-D compressible MHD simulation is used (the governing equations and finite
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differencing scheme are identical to that in section 4.4). In the present 2-D simulation, 
only the first part o f  the proposed process (the redistribution o f the B v flux due to 
magnetic reconnection) can be simulated. The further increase o f  the core field because 
o f  the pinch effect o f the magnetic flux tube may need a 3-D simulation.
In the simulation presented in this section, the initial anti-parallel magnetic field 
component is in the simulation plane so that magnetic reconnection can occur. The 
simulation domain is again a rectangular box but, in contrast to that in section 4.4, it 
is set in the x-z  plane (extending from — Lx to Lx and from - L z to Lz). In the case 
o f the dayside magnetopause, the z-axis is in the anti-sunward direction and the z-axis 
in the northward direction. In the case o f  magnetotail, the z-axis is in the northward 
direction and the z-axis is in the earthward direction.
To illustrate the proposed mechanism, an initially sheared magnetic field config­
uration with an enhanced Bv in its central current sheet is set up. Specifically, the 
following initial magnetic field configuration is used in the simulation:
B (z )  =  B aztanh(x / a)z +  B ity(z )y  (4-16)
where a is the half-thickness o f the current sheet, Bl)z is a constant, and B Uy(x )  =  
rS o fl -  (Buztanh(x/a)/Bo)2}1/2 where r is a parameter and B 0 is the normalization 
unit. Besides 2?o, the normalization conventions here are the same as in section 4.4. 
Equation (4.16) represents a current sheet configuration in which the vector B  rotates 
across the current sheet. For r — 1, the intensity o f the magnetic field is a constant Bo 
independent o f  z ; for r <  1, the intensity o f the magnetic field is smaller at the center 
o f  the current sheet. In either case, B y is enhanced at the center o f the current sheet.
Initially, the pressure distribution is given by (4.11) and the density distribution 
by (4.14) for Cases D and F and by (4.15) for Case E. Plasma velocity is set to zero
233
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everywhere. The resistivity used is
Vo +  t? i(M ) +  a(|j'y| -  j c)2, i f \jy\ > j c\ (4.17)
Vo + V i(x ,t) , otherwise,
with
Vi (x ,t)  =  0.3e-x' ' a2e~(z- z*)2/a\ - ( t/T)2 (4.18)
In (4.17), 770 is a constant background resistivity, j y is the 7/-component o f current 
density j ,  j c is the value o f the critical current density for the enhancement o f nonlinear 
resistivity, and a  is a constant. In (4.18), zp is the position in the center o f the current 
sheet (a: =  0) where an initial perturbation is given and r  is the decay time for the 
initial perturbation. Magnetic reconnection is initiated at x =  0 and z — zp by the 
time-dependent localized resistivity enhancement 771 expressed in (4.17).
Simulation boundaries at x =  L x and z =  Lz are free ones where the derivatives 
o f  each quantity with respect to the boundary normal are set to zero. Again only 
symmetric cases are simulated and hence boundaries at x — 0 and z — 0 are symmetric 
ones. In the quadrant simulated (from  x =  0 to x =  Lx and z — 0 to z =  Lz ), 52x72 
grid points are used.
Three cases are run to study the B y distribution associated with: (1) magnetic 
island (with large /3); (2) magnetic island (with small /3); and (3) bursty reconnection. 
The common parameters used for the following three simulation cases are 770 =  0.01, 
t  =  20t^, j c =  1.5, a  =  10, and L x — 5a
Case D: Magnetic island with large (3
In Case D, 0  =  1, 0L =  130° (or B0z/B0y(x =  ± L X) =  2.15), r =  1, and Lz =  28a. 
Figure 4.16 shows the initial magnetic field configuration and By profile in the x-z  plane 
for Case D.
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At t =  0, an enhancement in resistivity (see (4.17)) is turned on at zp =  Lz/ 2 
and a; =  0 to trigger the reconnection at that point. By symmetry, a magnetic island 
centered at z =  0 will be formed. By t =  49tA , the formed magnetic island has grown 
to a large size as a result o f the continuous reconnections. Figure 4.17 shows the 
magnetic field lines in the x-z  plane and the corresponding B y profile in the same plane 
at t =  49t&. It is seen that the initially uniformly distributed By in the current sheet 
is now either lumped into a magnetic island region or has been carried away by the 
reconnected field lines out o f the simulation box. The process results in a region within 
the magnetic island where By is larger than it is in the surrounding region. Figure 
4.18 shows the B y profiles along different straight lines across the simulation box for 
t =  49t^. Figure 4.18 shows that the maximum B y value (~  1.05Bo ) in the magnetic 
island is almost the same as the initial B y (=  Bo) in the current sheet, and the B y value 
near the reconnection point (at z ~  18a) is reduced to 0.55Bo (from the initial value 
o f B,i). Thus, the 2-D reconnection process functions mainly to redistribute the initial 
B y flux and does not lead to significant further enhancement o f By. Therefore, the 
enhancement o f B y in the 2-D magnetic island case can be considered as a three-step 
process: (1) the enhancement o f B y in the current sheet due to driven processes, (2) 
the redistribution o f the enhanced B y flux by magnetic reconnection, and (3) further 
enhancement o f By by the pinch o f the flux tube (3-D effect).
Case E: Magnetic island with small f3
Case E simulates the situation with small (3 =  0.1. This case may be applicable to the 
B y enhancement in the magnetotail plasmoids. Note that the By component observed 
in the magnetotail lobe region is usually small. Therefore, in Case E the initial B y 
component at the simulation boundaries x =  3zLx is set to a value smaller than that
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Figure 4.16 (a) Initial B y profile In the z-z plane (simulation plane) for Case 
D; (b) initial magnate field configuration in the x-z plane for Case D.
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Figure 4.17 (a) B y profile ir. the x-z  plane at f =  49 f^  In Case D; (b) 
magnetic field configuration in the x-z  plane at t =  A9t^ in Case D.
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t =  49tA z =  18a
(c)
z /a
(d)
Figure 4.18 Profiles of B v across the simulation box at t =  4 9 In Case 
D (a) along line z =  0; (b) along line z =  9a; (c) along line z =  18a; (d) 
along line x  =  0.
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in Case D. <?£, — 168°, or equivalently Boz/Bny(x  =  ± L E) =  9.5 is used (the definition 
o f 9 i is the same as in section 4.4). Furthermore, since in the magnetotail the thermal 
pressure is higher in the neutral sheet than in the lobe region, r — 0.3 is chosen in (4.16) 
for this case to ensure a pressure peak in the current sheet. All other parameters are 
the same as in Case D.
Figure 4.19 shows the magnetic field configurations and B y profile in the x-z  plane 
at t =  50t^. As in Case D , an enhanced B y region is found within the magnetic 
island (or plasmoid). Therefore, under the magnetotail conditions, the same driven and 
redistribution processes can also lead to the observed enhanced By in the plasmoid.
Case F: Bursty reconnection
As proposed by Scholer [1988a] and Southwood et al. [1988], bursty single X-line recon­
nection caused by a sudden surge in the reconnection rate around a point in the current 
sheet may lead to the formation o f a bulge-shaped magnetic structure. Scholer and 
Southwood et al. have used this model to explain some features o f flux transfer events 
at the dayside magnetopause. In addition, Scholer [19886] proposed that the generation 
o f the strong core field in flux transfer events can be attributed to a sweeping up o f the 
guiding field by the poleward-moving magnetic field loops in their model (see review in 
section 4.3).
The simulation result presented below will show that the enhanced B y associated 
with the bursty recoimection could also result from the same redistribution mechanism 
as proposed earlier in this section.
In Case F, choose /3 =  1, 9l =  130°, r =  1 with all other parameters the same as 
in Case D. To initiate the bursty reconnection, a resistivity enhancement o f the form 
given in (4.18) is applied at z  =  0 and x =  0 at t -  0.
239
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
B
«/
B
o
240
Figure 4.19 (a) By profile In the x-z plane at f =  In Case E; (b)
magnetic field configuration In the x-z  plane at t =  501 a In Case E.
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Figure 4.20 shows the magnetic field lines and the B y distribution in the x-z  plane 
at t — 52tj  ^ for Case F (only the z >  0 part o f the simulation domain is shown). 
Figure 4.20 shows that, as in the magnetic island cases, the B y flux is removed from the 
reconnection point (X  point) located at z — 0 and x =  0 and lumped into the bulge­
shaped magnetic field region, while the By distribution in the slightly perturbed current 
sheet region (approximately z >  3Lz/4 ) is only slightly affected. The region with an 
enhanced B y is outlined by the bulge-shaped magnetic field region together with the 
unperturbed current sheet region. The whole enhanced B y region is moving outward 
in the z-axis direction at a speed o f ~  0.6Vko along with the bulge-shaped magnetic 
field region. The maximum value o f By in the enhanced region is ~  B 0 which is the 
initial peak value o f B y in the current sheet. However, at the reconnection site (X-line) 
B y reduces to 0 .55« from  the initial B y — Bo at the same position. Outside the bulge­
shaped magnetic field region and the remaining current sheet region, B y maintains 
values from  0.4-0.5B0, while the initial By outside the current sheet is ~  0.42J3U with 
0L =  130" and r — 1. Therefore, the same redistribution mechanism can also lead to 
enhanced B y in the magnetic bulge produced in a 2-D bursty recoimection.
4-5.3 Core field enhancement in magnetic flux tubes
As reviewed in section 4.2, observations suggest that the dayside magnetic flux tubes 
associated with flux transfer events (FTEs) often reveal a strong core field. Scholer 
[19886] (see section 4.3) has proposed a mechanism to explain the origin of such strong 
core fields in the framework o f a recently proposed FTE model: bursty reconnection 
[Southwood et. al, 1988; Scholer, 1988a], Scholer argued that the poleward convection 
o f the open magnetic field loops produced in the bursty recoimection will sweep mag­
netic field lines in the magnetopause, leading eventually to the observed strong core
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Figure 4.20 (a) By profile In the x-z  plane at t =  52 t^  in Case F; (b) 
magnetic field configuration!!! the x-z  plane at t =  52t a  In Case F.
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field. However, the strength o f the core field in Scholer’s mechanism depends on the 
longitudinal extent o f the loop structure and the distance traveled by the loops. For 
example, as estimated by Scholer, to generate a core field o f 60 nT, a magnetopause 
magnetic field o f 20 nT has to be swept up over a distance o f 6 R e - Therefore, Sc­
holer’s mechanism will not be able to account for the enhanced core field observed hi 
the low-latitude FTEs. On the other hand, the mechanism proposed here does not have 
latitude dependence and it can account for the enhanced core field found in low-latitude 
as well as high-latitude FTEs. In addition, Scholer’s mechanism can only apply to open 
magnetic flux loops while the mechanism suggested here is expected to operate in either 
the open magnetic flux loop situation or the magnetic flux tube situation.
For the existence and, sometimes, the enhancement o f the B y observed in the 
magnetotail plasmoids, Case C and Case E o f our simulation indicate that: (1) the 
B y component can penetrate into the neutral sheet from the lobe region under driven 
conditions and this penetration can further lead to enhanced B y in the neutral sheets, 
and (2) the plasmoid formed in such a neutral sheet has an enhanced By . Therefore, if 
the B y in the lobe is due to the penetration o f IMF By , our simulation would naturally 
suggest that the sign o f 3 y in the plasmoids is the same as IMF B y , as is observed, 
and, most likely, B y in the plasmoids will be larger than the ambient B y (in the lobe 
or near the neutral fine).
4.6  Discussion and Conclusion.
The MHD simulation conducted in this chapter is only a two-dimensional one. 
A  three dimensional configuration may modify some o f the results obtained in this 
chapter. In By enhancement in the current sheet, as has been discussed in section 4.4,
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the convective motion o f magnetic fields may compete with the magnetic flux pile-up 
process. Consideration o f the convection is especially necessary for the dayside situation.
For the core field enhancement in magnetic flux tubes at the dayside magnetopause 
and in the magnetotail, it is expected that the inward pinch produced by the azimuthal 
component o f  magnetic flux tubes may contribute to further By enhancement. In the 
2-D case, the effectiveness o f the pinch process alone in the enhancement o f Bv has 
been simulated by us (not presented here). It was found in this simulation that, in a 
current sheet with a finite but not enhanced B y, the formation o f a magnetic island can 
lead to only a 10% to 20% enhancement o f By in the island region. Similar small By 
enhancement in the magnetic island region was observed in the particle simulation by 
Allen and Swift [1989]. Thus, the proposed enhancement o f  By through a pinch effect of 
magnetic flux tubes remains to be tested in a 3-D simulation. The small enhancement 
o f B y observed in our 2-D simulation may be attributed to the pressure build-up in the 
magnetic island, which will then prevent effective penetration o f By into the core o f the 
magnetic island, while in a 3-D situation, the escape o f plasma along the flux tube may 
reduce considerably the pressure build-up.
In conclusion, the major results obtained in this chapter are:
(1) In the absence o f magnetic reconnection, a pile-up o f  magnetic fields will occur 
in the current sheet under the driven condition, while the plasmas are being squeezed 
out along field fines. In the presence o f a finite initial B y, the pile-up and squeeze 
process will lead to a By enhancement in the current sheet.
The result can apply to the dayside magnetopause to explain the “bulged-out” 
feature observed in the hodogram o f the magnetic field, and to the magnetotail to 
explain the presence o f a larger dawn-dusk magnetic field component in the neutral 
sheet than in the lobes.
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(2) In a current sheet with an initially enhanced B y, magnetic reconnection can 
redistribute the initial B y flux, leading to enhanced By regions associated with magnetic 
islands or bulge-shaped magnetic structures (in the case o f the bursty reconnection).
The result can be used to explain the observed strong core fields associated with 
dayside flux transfer events and the presence, and sometimes the enhancement, o f the 
dawn-dusk component o f the magnetic field in magnetotail plasmoids.
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C h a p te r  5. S u m m ary  an d  C on clu s ion s
The importance of the dayside reconnection have been recognized for many years since 
Dungey’s [1961] earliest open magnetosphere model. The Dimgey model was later 
further elaborated by Levy et al. [1964], who predicted the existence of a rotational 
discontinuity at the dayside magnetopause and the associated high-speed plasma jets. 
Both Dungey and Levy et al.’s models are characterized by the single X-line quasi­
steady reconnection at the subsolar point o f the magnetopause. The fact that the 
predicted high-speed plasma jets [Levy et al., 1964] associated with dayside reconnec­
tion were not frequently observed led to some doubts about Dungey and Levy et al.’ s 
hypothesis o f  a steady-state recoimection process at the dayside magnetopause. The 
observation o f flux transfer events (FTEs) in 1978 by ISEE satellites indicated that the 
dayside reconnection is unlikely to be a steady-state process. Hence, in contrast to the 
early steady-state and large-scale models, new dayside reconnection models proposed 
to explain the observations o f FTEs emphasize the sporadic and localized aspects o f 
the recomiection process, notably, the Russeli-Elphic patchy reconnection model, the 
Lee-Fu multiple X-line recomiection model, and the single X-line bursty reconnection 
model. Nevertheless, due to the lack o f global observational data, the dayside recon­
nection configuration remains to a certain degree a mystery. The objective o f the work 
reported in this thesis is to lessen the degree o f mystery by a study o f the dayside 
recoimection processes through computer simulations.
First, global patterns o f  the dayside recomiections were studied in Chapter 2 using a 
global two-dimensional incompressible magnetoliydrodynamic code. Various patterns o f 
magnetic recomiection were observed in the simulation depending on three parameters:
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the magnetic Reynolds number Rm, the current-dependent anomalous resistivity, and 
the solar-wind Alfven Mach number Ma «w
W hen the magnetic Reynolds number is small, the Dungey-type single X-line quasi- 
stc»dy reconnection is observed; when the magnetic Reynolds number is large (>  200), 
dayside reconnection occurs along multiple X  lines and as a result, magnetic islands 
are formed. For a large magnetic Reynolds number, a long and thin dayside magne­
topause current layer can be formed. In the presence o f  a current-dependent anomalous 
resistivity, the onset o f a tearing instability can lead to the formation and poleward 
convection o f magnetic islands as predicted in the Lee-Fu model. It is demonstrated 
that the formation and poleward convection o f the magnetic islands in the Lee-Fu type 
o f multiple X  line reconnection can indeed generate the FTE-like magnetic field and 
plasma signatures. Hence, the Lee-Fu type reconnection may be a potential candidate 
o f  FTEs. In the presence o f  a large solar-wind Alfven Mach number, the reconnection 
sites tend to shift to higher latitude region. Such a dependence o f  reconnection sites on 
solar-wind Alfven Mach number is qualitatively consistent with the laboratory experi­
ment o f Podgorny et al. [1978]. The bursty single X  line reconnection process [Scholer, 
1988a; Southwood et al., 1988], another FTE model, is also simulated. Therefore it 
is seen from the simulations that dayside reconnection patterns axe diversified. How­
ever, due to the large magnetic Reynolds number at the dayside magnetopause and the 
observed long and thin magnetopause current layer, multiple X-line reconnection may 
prevail.
The global simulation in Chapter 2 is only a two-dimensional incompressible one. 
Some aspects o f the dayside reconnection related to the compressibility o f the plasma 
may have not been revealed. The dayside magnetopause is a current layer separating 
two distinct magnetized plasma regions, the magnetosheath and the magnetosphere. 
Typically, the plasma density in the magnetosheath is an order o f magnitude larger than
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the plasma density in the magnetosphere while the magnetic field strength on the 
magnetospheric side is usually higher. In addition, the plasma 0  on the magnetosheath 
side varies considerably from time to time. Both the asymmetry in plasma density and 
the finite plasma 0  may affect the dayside reconnection. However, these two effects 
on the dayside recoimection cannot be studied in the incompressible MHD simulation 
presented in Chapter 2. For this reason, a local two-dimensional compressible MHD 
simulation o f the dayside reconnection was carried out in Chapter 3.
Chapter 3 presents results from the simulation o f  a spontaneous magnetic recon­
nection process in a plane current sheet configuration. The simulation was based on 
a two-dimensional compressible MHD code. Under the asymmetric conditions typical 
o f the dayside magnetopause, the reconnection layer was found to be bounded by an 
intermediate shock on the magnetosheath side and a weak slow shock on the magneto­
spheric side in the presence o f a medium or low plasma 0  in the magnetosheath. This 
type o f  structure o f  the dayside reconnection layer is believed to be caused mainly by 
the large asymmetry in plasma density on the two sides o f the dayside magnetopause. 
The reconnection layer structure o f this type is quite different from the reconnection 
layer structure found in simulation cases with a symmetric configuration. In a symmet­
ric situation, the reconnection layer was bounded by a pair o f slow shocks as predicted 
in Petschek’s model, which may be more applicable to the magnetotail reconnection 
process. In addition to the plasma density asymmetry, the effect o f the plasma 0  on 
the structure o f the dayside reconnection layer was found to be also significant. When 
0  in the magnetosheath is large, the discontinuity structure in the dayside reconnection 
layer became less evident.
The simulations presented in Chapters 2 and 3 are purely two-dimensional: the 
magnetic field component perpendicular to the simulation plane, the noon-midnight 
meridian plane, is zero. In the interplanetary magnetic field, the existence o f a By
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component is common. Hence, the magnetic fields on the two sides o f the magnetopause 
current layer rue usually non-coplanar. The existence o f the By component may modify 
the dayside reconnection layer structure found in the simulations in Chapter 2. In the 
case o f  non-coplanar magnetic fields on the two sides o f the magnetopause, rotational 
discontinuities are required to rotate the magnetosheath field and the geomagnetic 
field onto the same plane. In this case, it is speculated that the edge o f the dayside 
reconnection layer on the magnetosheath side may consist o f a rotational discontinuity 
and a slow shock lumped together instead o f an intermediate shock. Another property 
o f the dayside reconnection in the presence o f a finite By is the enhanced B y in the 
magnetic island or magnetic flux tubes in a 3-D situation. Satellite observations have 
provided evidence that the core or guide fields in the magnetic flux tubes associated 
with the flux transfer events at the dayside magnetopause are often enhanced. This 
latter consequence of the existence o f a finite B y in the IMF in relation to the dayside 
reconnection was the subject o f Chapter 4.
In Chapter 4, a mechanism was proposed to explain the observed core magnetic 
field enhancement in magnetic flux tubes associated with FTEs. The proposed mech­
anism consists o f three steps. First, under driven conditions and in the absence o f 
magnetic reconnection, the pile-up o f the magnetic field and depletion o f plasma can 
lead to enhanced B y in the dayside current layer. Note that an enhanced B y in the 
dayside current layer is also an observational fact. Second, the onset o f  the magnetic 
reconnection in such a current sheet will redistribute the B y flux in the current sheet, 
leading to an enhanced By (or core field) region within the magnetic flux tubes. Fi­
nally, further enhancement o f the core field can be achieved by the inward pinch o f 
the magnetic flux tubes due to the Maxwell stresses o f the azimuthal magnetic field 
component.
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The two-dimensional compressible MHD simulation conducted and presented in 
Chapter 4 demonstrated and supported the proposed mechanism. The results can also 
be applied to the magnetotail to explain the similar B y enhancement observed in the 
tail neutral sheet and plasmoids.
In summary, the present study provides a global criterion for the occurrence of 
the single X-line quasi-steady reconnection or the multiple X-line time-dependent re­
connection at the dayside magnetopause. The boundary structure associated with re­
connections at the dayside magnetopause is also examined. In addition, a mechanism 
is proposed to explain the observed B y enhancement in the dayside current sheet and 
magnetic flux tubes.
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A p p e n d ix  . D ifferen ce  S chem e F or C om p ress ib le  M H D  E qu ation s
It can be shown that the set o f governing compressible MHD equations used in Chapter 
3 (eqs.(3.1)-(3.4)) can be easily rewritten into the following conservation form
8U d F  dG n , A s
I t  +  J i  +  (A 1 )
where U =  (p ,p v ,B ,e ) and F  and G are the corresponding fluxes in the x and z
directions, respectively. For the compressible MHD equations o f the form as in (A .l),
the following two-step Lax-Wendroff scheme is used [Lapidius, 1967]. The first step o f 
the two-step scheme is:
u ”+ i >k+x = l ( U?k +  Uj[k + i +  u j+ i , k  +  U j + l , k + l )
~ 2A x^Fj+1'k+k ~ FZk+ 0  ~  2 A z ^ i + i H i  _  (A -2)
The second step o f the scheme is:
=  n .  -  -  « « - * > •  <A 3 >
with
F ; : l k =  )/2 i (A A )
6T4i  = (GSf,,+i + w
This is a nine-point scheme in the sense that only nine points o f the mesh at time n ■ A t 
are needed to obtain numerical values at time (n +  1) - A t. Lapidius [1967] has proved 
that the truncation error o f the above two-step scheme is 0 ( A z 3, A z3).
To maintain the numerical stability, Lapidius [1967] introduced the following type 
o f  stabilizing transformation which consisted o f  replacing quantities Un+1 by new ones,
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U"n+ l, obtained by smoothing first in the x direction and then in the z direction 
according to the following prescription.
t ^ +1 =  v%' + AC • A '[|A '«£;,*I • A 'ftr# !1,*)] (.4.6)
v* * 1 = v* ' + AC • A"[iA"t*Yii • A"(^rw.)]. M-n
where A'jfc =  Ujk — f / j —1 ,fc; A "fc =  Ujk — U j^ -i ] and C is a constant while u and v are 
the x  and z  components o f  the fluid velocity, respectively.
Equations (A .6) and (A .7) are fractional steps for the numerical solution o f the 
diffusion equation
. Ut =  AC(A3)[(|«a!|Cra!)x + {\vz\uz)z}. {A . 8)
From (A .8) it is clear that smoothing is of third order and consequently does not affect 
the truncation error o f the difference scheme.
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